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1.0 SUMMARY

The Vought Corporation designed, fabricated and tested a prototype
flexible space radiator under NASA/JSC contract number NAS9-1LT76 between
June 1976 and December 1978. This repo™t documents the design and fabrica-
tion technique of the resultant flex‘ble space radiatop, The radiator is a

roll~up flexidle panel with the transport fluid manifolds located at the ends

of the 27 foot length, Fifty PFA Teflon flow tubes are sandwiched between the

layers of silver wire mesh end sealed in the FEP Teflon film. The traneport
fluid flows from an 44let manifold through 25 panel flow tubes to the end of
the radiator panel iato s menifold which directs the fluid into the other 25
flow tubes on ite return to the base of the radiator. Deployment/retraction
of the flexible radiator Panel is by low pressure inflation tubes (one along
each side of the panel) which incorporate a flat spring. The

8pring supplies
the retraction force to wind the radiator panel on & drum when the Pressure

in the inflation tubes is relieved.

Room ambient deployment tests of the radiator panel were conducted
at Vought to verify the inflation tube/spring deployment/retraction capability.
These tests were documented on 16 mm film, The panel was deployed in Chember
B at NASA~JSC for s thermal vacuum, solar spectrum exposure test. After ap~

Proximately 100 hours of solar éxposure, post-test inspection revealed no
structural or optical properties degraded,
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2.0 INTRODUCTION

The Vought Corporation began full Bcéle development of the flexible
space radiator concept in June 1976 under Contract to NASA-JSC., The flexible .
radiator has potential application as a supplementary heat rejection device
on the Shuttle Orbiter. Figure 1 depicts a 4 KW heat rejection module and an
early flexible fin concept. Design and fabiication effort on the soft-tube,
flexible radiator culminated in a prototype radiator panel shown in Figures 2
and 3. This report presents the design detaila and fabrication techniques
used to produce the contract deliverable end item.

Appendix A contains all the progress reports between June 1976 and
December 1978, and may be consulted for the direction of the program on a monthly
basis. Appendix B contains the results of a hypervelocity impact experiment
test performed at the Texas ASM University facility. An investigation of bond-
ing adhesives was made before the program was redirected to a fusion bonding
process and the results of this investigation appear in Appendix C. Appendix D
is an instrumentation error anelysis of the solar degradation test documented
in Appendix E.
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3.0 RADIATOR PANEL DESCRIPTION

The prototype flexible radiator ie designed to reject 1.33 KW to
a O°F sink using Coolanol 15 as the transport fluid with a 100°F radiator
inlet temperature. The overall radiator dimensions in the deployed con-
figuration are 3.3 feet wide by 27 feet long to give a total radiating area
(from both sides) of 178 square feet. In the stowed configuration, the
radistor rolls up on & drum 10 inches in diameter by b feat long to a final
diameter of approximately 1T inches.

The prototype panel was constructed from six basic components:

(1) the flexible fin, (2) panel flow tubes, (3} fluid manitolds, (L) deploy~-

ment infletion tubes, (5) retraction springs, and (6) the stowage drum.

Prineipal to the capability of the panel tn rejeét heat is the fin material.

The fin material fabrication was subcontracted to Schjeldahl, Inc. who used

a nevly developed continuous mill operation which hot-rolled a 40 x 67 silver

wire mesh into 3 mil FEP Teflon film and vacuum deposited 1000 ﬁ of silver
covered by 150 3 of Inconel on one side of the Teflon rilm. Optical proper-

ties of the hot-rolled laminate steadily deteriorated after receipt of the
material and the ensuing investigation revealed shortcomings in the manufac-~
turing process which allowed the silver to tarnish in contact with the air.

Deemed unuseable due to the large measured solar absorptance values, the deposited
silver and Inconel were removed from the Teflon film and fin materisl became just
the wire mesh imbedded in the film (Figure 4). Solar absorptance values of the
mesh/film only were 0.16, wnich is approximately 13% ldwer than the lowest measured
value of the original silvered msterial. The emissivity of the fuaion bonded
laninate was 0,70,

To distribute the heat from the transport fluid over the panel area, 50
flow tubes of PFA Teflon (1/8" 0.D, x 1/16" I.D.) spaced .T5" apart are used.
Theee flow tubes run parallel to the long dimension of the radiator panel and
connect to aluminum manifolds. The tube-to-menifold connections arc wuade with
standard Swagelck fittings, an adhesive, and tube inserts which allowed the fit-
tings to capture the soft tubing without collasping the tube wall. Dr. Fred Dawn
of NASA~JSC recommended several adhesives for the connections and one (EC2216)
manufactured by 3M proved very successful. Samples of these connections were
tested for extended periods in a 200°F water bath at 100 psi without leakage.

.
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The fluid manifolds distribute the flow to the panel such that 25
flow tubes receive inlet flow., At the drum end of the radistor, a second
manifoid collects the flow and directs it into the other 25 flow tubes on the
return leg back along the panel into the outlet manifold (see Figures 5 and
6). The outlet manifold collects the traunsport fluid from the radiator and
directs it back into the environmental control system.

The flexible radiator panel is stowed in epproximately eight wraps
on & 10 inch drum (see Figure 7). Four inch diameter inflation tubes made by
Bchjeldahl of Kevlar/mylar are attached along each side of the radiator panel.
Specially prepared flat springs are incorporated in each inflation tube in a
pocket along the drum side of the inflation tube. The retraction springs must
be closely matched as to the megnitude of force cach exerts. A mismateh in
retraction spring force will not allow the radiator panel to wind~up in the
original stowage volume, A spring adjustment capability was designed into the
spring hold down to fine tune Lhe panel deployment/retraction path. Panel
deployment is achieved by pressurizing (* 1 psig) the inflaiion tubes which
work against the retraction spring force to roll the gtowage drum outward ew-
posing increasing amounts of panel area.
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4.0 RADIATOR PANEL FABRICATION

Fusion honding was chosen as the method of forming the laminate
of the two fin layers sendwiching the flow tubes. PFA Teflon tube material
was used {0 guard againat the tubes collasping during the honding process.

An assembly teble (see Figure 2) was constructed on which the complete radia-
tor panel can be laid out. The table surface has 50 grooves spaced three=-
quarters of an inch apart {Figure 8). To aid in assembly, holes drilled in
the grooves were connected to a vacuum source which pulled one la.yei' of fin
material into the grooves. Following operations sandwiched the flow tubes
between the fin material in the grooves and a second layer of fin material
with Kapton vacuum bagging material holding the flexible fin assembly together.
The flexible fin assembly (Figure 9) on the assembly table was rolled into a
5.5' x 5.5' x 30' asutoclave for the fusion bonding process. The autoclave was
programmed to reach S5T0°F within + 3°F over a three hour heat-up period, The
fusion bond attained between the layers of fin material and between the flow
tubes and the fin material was very strong mechanically.

The retraction springe were purchased from Spring Engineers (Dallas)
and sent to Schjeldahl, the inflation tube subcontractor. Schjeldahl bonded
pockets along the inflation tubes to accommodate the retraction springs and
delivered these to Vought as assemblies, The inZlation tube assemblies were
then attached to the edge of the radiator panel f£in material in a fold of
aluminized myler material; the free edges of which were sown to the fin material.

Stowage drum fabrication and assembly ies shown in Vought drawing
T213~SK08 which is presented in Figure 10.
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GROOVES FOR
TRANSPORT TUBING

"VACUUM HOLES

ALUMINUM PLATE

FIGURE &
MOLD FOR LAMINATING FLEXIBLE RADIATOR PANEL

13

L 3

T
”~
csnliuslng, 2ol

— -~
T T

e v Dy s, P A ST ST

T R




HOIVIAYY ONIANO"d NOISNd Y04 XTAWIASSY ¢ THOOIA

WONOVYA TYIIMVYd YIGNN

YIS HONOYHL

ovd WONOVA

m§oonw NI GENOYLISOd mumpa "N

qIvId
HONIHOTV

S
\

\
NO H..__..G.HDmZH

.\\ e
e
7oL

/7



s s . T .

5.0 RADIATOR PANEL TESTING

Teating of the flexible radiator panel consisted of a room ambient
deployment/retraction test and s thermal vacuum solar exposure test. The
deployment test was performed at Vought in May 1978 and the solar exposure
teat was performed at NASA-JSC in November 1978. Successful deployment and
retraction of the panel was witnessed by the NASA contract technical monitor
and recorded on 16 mm movie film. The purpose of the solar exposure test was
to evaluate radiator performance degradation due to radiation nesr the solar
wavelength. The panel opticsl propertiea and mechaniecal strength were checked
carefully after 100 hours of solar exposure and no degradation was detected,
Panel heat rejection also corroborated the conclueion of no measurable thermal
performance degradation.
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MONTHLY PROGRESS REPORT NO. 1
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.0 OVERALL PROGRESS

Work during the first reporting period has been concentrated on the
design requirements for the prototype flexible radiator system, and has
included analyses, element tests, and surveys of manufacturers capabilities
relevant to the design and fabrication of the system which will follow in
gubsequent reporting periods. The studies of the initial period follow the

outline of the statement of work of ref, (1), and address the following

subjects:

1) Loading requirements and performance data for tubular
extendible space booms.

2) Alternate fabrication techniques for improving the fin material
construction and radiator panel assembly.

3) Computer modeling and performance/optimization analyses.

4) Inflation tubing deployment/retraction system performance
reauir ements.

5) Assessment of alternate fin layup with two layers silver wire
mesh.

6) Micrometeoroid protection requirements and impact on tubing

size.

()] Tests of transport tubing and fittinga.
A briefing has been acheduled at NASA-JSC during the next reporting
period to discuss the findings of the design requirements studies and to

obtain NASA inputs prior to initiating the design phase of the program.

A-4

-




a e e

s - it e m e e e P .- e e

2,0 DESIGN REQUIREMENTS STUDIES

Thia section summarizes the results of individual design requirements
studies conducted to obtain data for designing and fabricating the flexible
radiator system,
2.1 Milcrometeoroid Damage Studjes

The literature on micrometeoroid penetration of plastic materials was
surveyed to determine whether experimental data or analytical methods exist
for sizing the tube wall thicknesa of the flexible radiatcr. The limited data
available indicates that plastics are more effective for resisting mi;:ro-
meteoroid penetration than had been predicted from data for metals. An equation
given in reference (2) predicts depth of penatration conservatively

for polyethylene. The equ'/aation is L 7/8 19/ls
t 0.6 () (L) (V) B(dm) ° 00

where:

t
&

et = mass density of sheet material

€wm

Vm i normal impact velocity -
dwm

thickness of target material penetrated

percentage elongation of sheet material

mass density of meteoroid

meteoroid diameter

Figure 1 compares the depth of penetration predictions for 2024-Té6
aluminum with those of other equations developed for rr.mtals.

The elongation term in Eq. 1 ia much larger for plastics (£ -~ 300)
than for metals {£~ %), and has a significant impact on the design of flexible
radiators. For example, the wall thickness computed from Fig. 1 for 30 days
lifetime for polyurethane tubing is 0.032'. If the elongation term were
assumed to be that of a metal, the reqaired wall thicknesa is 0,058",

Figure 2 compares predicted and oxperimental depths of penetration

for polyethylene ( e = .9 ) &~ 500)
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The equation follows the trend of the data from ref. (3) for low velocities,
but predicts much greater depths of penetration than actually occur at velocities
typical of micrometeoroids (20 kmm/sec.). Thus based on the data for
polyethylene, Eq. (1) appears to give a conservative estimate of the wall
thickness required to prevent penetration. Qualitative experimental data
for plexiglas and polycarbonate in ref, (h) shows that polycarbonate (€=1.2,

g - 115) is superior to plexiglas (¢ 1,2, €= 5) for retarding meteoroids.
This also reflects the importance of elongation in the penetration equation.
No additional experimental data on plastica was found in the literatt:.lre. A
complete list of the literature surveyed ie given in Appendix A. An attempt
was made to locate existing facilities for testing penetration resistance of
the tubing materials. Texas A&M University has one of the few active
facilities suitable for the tests. Their preliminary estimate of the cost
is $6000 for a 6 month pregram. '

It is recommended that until additional data are available, the radiator
tube wall thickness be sized from Eq. 1,

Analyses were made to determine the average depth that a meteoroid
must penetrate to puncture a tube. The average depth is greater than the
tube wall thickness because most meteoroids do not strike the tubing from
a direction which is normal to the surface. Figure 3 shows a typical
trajectory of a meteoroid which is directed towards an elemert on the interior
tube wall. The depth that the meteoroid must penetrate to reach the interior

wall is

k - -l + \I(!Lo‘-rl_f)(l‘\-(osz‘thuze-) “l-)l.'l—.—{ (2)
Cos © [1+ Cos%g tamto )

The number of meteoroids which strike the surface from the -9', ¢

direction with velocity 4y and mass sufficient to penetrate the depthh is

g 3)
d h&,¢ = __%__/_. 57'”9-(0$¢ C{‘Q‘Q/¢ |

—

- vy L |
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vhere /V iz the cumulative flux of meteoroids, per unit area per unit ti_.me
given as a function of meteoroid mess in meteoroid environment models,

For the meteoroids of interest in this work
Log, N = —14.57~1.213 Leg M (4)

The total number of meteoroids which strike the element which are

capable of penetrating the tubing is obtained by integrating

— e ey
N =%f/ fNSne-Cosqtm(é-c{ﬂ |
¢=O e =0 (5)

M is computed from Eq.if for each angle after the mass required to penetrate
the depth\'t (3,4’) is computed from Eq. 1.: The integral in Eq. -(5) is then
evaluated numerically.

The probability of no penetration is given by

v, - g7 NAt - ®

where f is the shielding factor

A is the exposed area

L  is the time of exposure
The shielding factor accounts for meteoroid blockage by the earth, the
orbiting payload, and by the radiator itself. In this analysis, only the
earth shielding factor is taken into consideration. For.a 200 n, m, orbit
S = 0.685. Because of shielding by other factors, the actual shielding
factor will be less, and the radiator will have a higher probability of
success than is computed from Eq. (6).

Analyses were made to determine the additional wall thickness
required to prevent leakage after a meteoroid has penetrated to the depth
computed from Eq. 1. The tube wall thickness must be increased by this
amount to prevent failure even though the meteoroid does not actually
penetrate the tubing, Calculations showed that the additional wall thickness
is approximately 0.002 inch for polyurethane tubing, and 0,004 inch for

teflon tubing.

7 A-10
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For the total radiatbr system to have a 90% survivabllity, the transport
tubing and the inflation tubing must independently have higher probabilities
of succeas. Thus, the inflation tubing was deasigned for 96% survivability
(wall thickness = 0.044 inch for 4" qd,tubing). The polyurethane tubing
was selected so that the outside diameter is a standard dimension (0. 1875"
for polyurethane tubing and 0. 125" for teflon tubing), For the optimum
ingide wall diamteers the wall thickness for polyurethane is 0. 0488 inch
and the wall thickness for teflon is 0.0325 inch., Subtracting the thickness
required for pressure retention, the thicknesa left for meteoroid protection
is 0.0468 inch for polyurethane and 0.0285 for teflon. Treating the tubing
as a Lhin sheet (not accounting for variableh as given by Eq. 2) the
probabilities for surviving 90 days are 0. 965 for polyurethane and 0. 940 for
teflon. If the variable\\ is taken into account, the probabilities are 0.983
for polyurethane and 0.974 for teflon. The combined probabilities of

survivability for the inflation tubing and the transport tubing exceeds 90%.

2.2 Temperature/Pressure Test of Polyurethane Tubing

Small sections of polyurethane tubing were pressurized and maintained at

constant temperature for extended periods of time to test for leakage at the
fittings, and to determine whether plastic flow of the material is a significant
problem at elevated temperatures. Figure 4 describes the test apparatus

and procedure. The tubing size is 0,250 in. O.D. x 0.125 in. I.D. This is
standard tubing which is similar to the 0,205 in. O.D, x 0.090 in. I,D,
tubing specified in the baseline design. The stress levels at 50 psi are
approximately the same for the standard and non-standard tubing. The first
sample of tubing was tested at 200°F and 50 psi, The tube O.D. was
measured at three sections as a function of time and the sample was sub-
merged in water so that any leakage would be detected. The tubing was filled
with Coolanol 15 and the system wasa pressurized with nitrogen. The measured
tube O.D. is given as a function of time in Fig. 5. The tube ruptured after
anpproximately 30 hours of testing. Standard Swagelok fittings were used with

inserts made from 0.125 inch O.D. aluminum tubing. No leakage was observed




FIGURE 4 !

[ POLYURETHANE TUBE VRESSURE CREEP TEST N 4
4
Approximate Test Setup - ; \
Y 1 !
.. Heat Source - : 1
200°F x C
!
' Gage
, | hﬁlo"-.; ,
Test Specimen——— ‘ '
P R R o , r
z ; 4 -—- Pressure
Lo )
T T Supply
Secure Fittings such ‘-~ Preggure
| that test apecimen hes Regulator
' no longitudinal elongation
Specimen -
"
o U4 - 210" Long
o 1/4" op
o 1/8" 1
o Pittings: Swagelok with alum. ferrules. One end 1/8 OD 88 tube insert;
other end no insert.
! il
;§ Procedures -
o Pressurize specimen to 52.1 psig (+ lpsig)
0 NMeagure tube OD in three locations
o Check end fittings for leaks, correct as required
o Heat to 200°F ' .
\g o Measure tube OD in same three locetions and check end fittings for
. leaks in the following increments:
1hr . - \
4 hrs
2k hrs
| 48 hra
f 72 hrs
E o Also check for tube rupture, terminate test upon rupture
;; Report - None Required
|
&
]
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during the test sequence. A second section of tubing was tested at 175°F and
50 psi. The apparatus and procedure were the same as for the firat sample
except that the 0.125" O.D. Ingert was removed from the tubing at the
fittings. Figure 6 shows the tube diameters me asured at three sections
as a function of time. The tube slipped out of the fitting after approximately
100 hours of testing. This verifies that inserts are required with polyurethane
tubing. The tubing did not rupture during the first 100 hours, However, the
diameter was increasing at a fairly steady rate so that failure would probably
have occurred within the next 100 or 200 hours. Additional testing is planned
with fitting inserts at lower temperatures to establish a safe operating range
for polyurethane tubing.

The experimental results at 200°F are not consistent with published
vendor data for polyurethane, Figure 7 from Ref. (9 shows that the published
ultimate strength at 200°F is 2000 psi, The stress in the tube is given by

Pdi (7
2t
The tube wall thickness for a streased tube is given approximately by
- in1tEsnit . >) (. >
£ = C{: nit _, (o /87:)(0655) (8)
[+ 4

where af is the average of the inside and outside diameters. The ins ide

diameter in Eq. 7 is

di = o -t = o —.0078/25
S

(9)

Equation (7) becomes

— (10)
g = 3200 (afg-,0078/25)

for

0 max = 2000 psi | EC{ 13 qives

d = 0.795 inch
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Hi-TlJFF palyurethane thin gauge sheeting and film

Hi-TUFF Polyurethane sheeting out-perfarms all other plastic film and thin-gauge rubber sheeting
where product applications require suparior toughness, abrasion resistance, tear strength, flex-life, low tempera.

l‘ tura flexibility, oil and gasoline rasistance, and longer aging properties. Hi-TUFF Sheeting can be vacuum
formed, dielectrically sealed, blow-malded and solvent or heat-honded to substrates,

Typical Applications:

Fluid Containers Diaphragms Lamination to Fabrics
Dust Boots and Bellows Furniture Gaskets

Protactive Covers Skin Covering for Foams Seals .
Packaging and Sponge Noise /Vibration Damper
Conveyor Belting Bag-in-Box Packaging : Mulsture‘{\'apor Barrier
Overlays Oll and Grease Pouches Flexible Fusl Tanks
Cable Jacketing Bearing and Tool Packaging Dry Chemical Packaging

(slit and spiral wrapped)

Available; MP-1880, MP-1885, MP-1890, Natural or Blac - colors on special order, Thickness from .010" to
080" 1n 18" wide rolls, Tolerances: .010” to .025 = 2 mil., .026" to 090" = 3 mil. MP-2080 natural and black,
colors on special order. Thickness from .0D5* to 125" in 36" wide rolls. Tolerances: 005" to .040" = 2 mil.
041" to .082* = 3 mil; .063" to .090" = 4 mil,; .0911t0.125" = 6 mil. .

Length — Continuous rolls/bulk pack

Mi-TUFF palyurethane extruded sheeting and film
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A= g,

This should correspond to the measured tube wall thickness prior to failure.
Since the tube failed at a diameter of approximately 0. 30 inch, the effective
ultimate strength is approximately 260 pai.

2.3 Thermal Modeling and Performance/Optimization Analyses

A two dimensional flow computer model wasnstructed to determine the
effects of cross conduction between the hot fluid entering the radiator and
the cooler fluid leaving the radiator through adjacent transport tubing. Figure
8 shows the flow path routing in the baseline design, Figures 9, 10, and 11
identify the nodes and conductors of the thermal model. The incoming and
outgoing tubes of the computer model may be thermally isolated by equating
the center conductor to zero. Figure 12 gshows typical temperature profiles
for configurations with and without cross conduction. The results show
that with regeneration the average temperature in the mid sections of the
radiator is lower than when the crosa conduction is eliminated. Because
of the lower average temperatures, heat rejection is reduced by approximately
8%. To reduce the effects of regeneration, it is recommended that the
radiator be designed so that the incoming and outgoing tubes are separated.
This requires a manifold at the free end of the radiator so that the outgoing
tubes may be located.on one half of the radiator, and the return tubes located

on the opposing half,

Analyses were made to determine optimum tube spacing and diameters,

The projected radiator surface area is given by

& (’/+4n$eo"27‘3)n/7’ (11)

€6 (T To |+4(n5'e‘a‘@7'3)z(/-7'.. V¥4 4
here ,:’" ”) [ (/+dnSéar7i)e z J[T'T"‘]

radi.ator fin efficiency
tube spacing

m

- effective surface emisgsivity (& = 2 for two sided radiators)
~ thermal resistance from the fluid to the base of the radiator fin
77« = fluid inlet temperatures

'73.,7- = fluid outlet temperature
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ANALYSIS OF REGENERATION IN FLEXTBLE RADIATORS
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The surface area computad from Eq. 1) ia given as a function of the parameter
mSse g R in Figure 13, The thermal resictance at the tube wall for the

baseline design was computed from the two dimensional math model shown

o — _—--.-—-——.r . ‘

-

in Figure 14, For laminar flow the resistance computed from steady state &

R=5.40 °F-Me-Fr/gT0

analyses is

(12)
For the alternate construction with silver wire mesh on both sides of the . ]
tubing, the thermal resiastance is ;,.1
Rz 2.29 °F-Ha-F+ /51'0 (13)

The radiator fin efficiency is given as a function of tube spacing in Table 1.

TABLE I RADIATOR FIN EFFIEIENCY FOR FLEXIBLE RADIATOR

Radiator Construction _jinch) ' N $
One Layer Screen Wire, K=o. 0057, E-—- 1,42 0.5 0. 9;7
1.0 0. 867
1.5 0.767
Two Layers Screen Wire, K = o. 0112, E: 1.50 0.5 0.962
1.0 0.917
1.5 0.853

The weight of the radiator to be minimized in this analysis includes
manifolds, the deployment drum, retraction springs, transport tubing,
radiator fin material, transport fluid, tube fittings, ant:’( weight penalty
for pumping power.
wt = wt (manifolds) + wt (Drum) + wt {(aprings) + wt (tubes) + wt (fins) + wt (fluid)
wt (fittings) + wt (AP) (14) )
For the baseline design with one layer of wire meah
wt = 0.0354 W + 0.01948 DW + 12. 15tL+4 7 Fy Q, -diz)

+[0.107 + 0. 049i-]A- 3. 64AA + 0. 03 el

) 5.34 .04 (SL ) S {15)

wdi4
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where
W = the width of the radiator (inch)

diameter of deployment drum (inch)

n

thicknese of retraction spring (inch)

n

length of radiator panel (ft.)

area of radiator panel (£t. 2)

wn N U
n

W

tube aspacing {inch)

do - outside tube diameter (inch)
de
Wt

For the alternate design with two layers of wire mesh the term repiesenting

inside tube diameter (inch)

weight of one radiator panel (lbs)

the weight of the radiator fins is replaced by
Wt (k) = Lo- 1297+ 0080 _ésg_] A : (16)
For freon 21 transport fluid, the flow is turbulent and the pressure drop

weight penalty is computed from
Wt (AP) = T7.65 -\0 wWdi 3.3 (17)

The thermal resistance at the tube wall ia given approximately by

R = 125 °F -un-Ffr /BTU (18)

Table If compares the dimenaions and weights of candidate radiator
constructions for various tube spacings for a system heat rejection of 4 kw.
The tube diameters were selected to provide micrometeoroid protection and
to be compatible with standard tube fittings. Table III shows the effect of
varying the tube diameters on radiator weight. The results show that near
minimum weights are possible with standard tube diameters. The analyses
asaume that the wall thickness required for meteoroéid protection is
independent of the tube spacing. This is not exactly. true because the exposed
area increases as the tube spacing decreases. Thus, the exposed area for
a tube spacing of 0.5 inch is approximately twice the area for 1 inch apacing.

The wall thickness required for constant probability of no penetration is

a3 A-26
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TABLE TII EFFECT OF TUBE DIAMETER ON WE|GHT
FOR ALTERNATE PANEL CONSTRUCTION

R e . Sond

TUBE 1D TUBE OD SPACING WT, 1 1
TYPE. OF CONSTRUCTION ( INCH) (INCH) (TNCH (1)
1 LAYER WIRE MESH, POLYURETHANE .090 L1875 0.50 61.3
.090 1875 0.75 57.9
.090 .1875 1,00 58.7
.090 .1875 1.50 67.0
.080 1775 0.50 60.0
.080 1775 0.75 58. 4
.080 2775 1.00 60.9
.100 .1975 0.50 63.4
.200 1975 0.75 58.8
.100 1975 1.00 58.6
2 LAYERS WIRE MESH, POLYURETHANE 090 1875 0.50 57.3
.090 .1875 0.75 51.6
. 090 .1875 1,00 50,0
.080 1775 0.50 55.8
.080 1775 0.75 52.3
.080 775 1,00 51.9
.1.00 L1975 0.50 57.9
100 1975 0.75 53.8
.100 1975 1.00 kg.s
2 LAYERS WIRE MESH, TEFLON 0625 .125 0.50 h2.7
. 0625 .125 0,75 Lk.s
.0625 125 1.00 49.0
.0525 125 0.50 46.8 A
. 0525 115 0.75 54,8 '
.0525 .115 1.00 66.9
.0725 .135 0.50 42.0
0725 135 0.75 h1.1
0725 135 1,00 k2.5
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related to area through the following equation,
0.290 "l

| t=CA (19)
Thus, if the area doubles, the required wall thickness increases by 22,3% N
| or approximately 0.010 inch. This reduces some of the weight advantage Y q
| indiecates for close tube spacing in Table II. Radietor stiffness, producability )
and cost also favor wlder tube spacing. However, the required surface
| ares increases rapidly witn tube spacing. Because of this, 0.625" spacing
| is recommended for construction with one layer of wire mesh, and 0.750
spacing is recommended for two layers of wire mesh. .
; f

2.4 Assessement of Two Layers Wire Mesh Construction

The computationa in Section 2, 3 show that the radiator weight and size
are reduced when the fin material is constructed with two layers of wire
mesh. However, stiffness and fabricability must also be considered when

evaluating the merits of the alternate radiator conatructions.

Stiffness is important because of its impact on the deployment/retraction '

system. The bending moment required to roll the radiator panel around the

deployment drum depends on the cumulative EI product of the transport

tubing, the fin material, and the inflation tubing. The major part of the

bending moment is associated with the transport tubing. The equation for

the moment required to bend a tube about a constant radius of curvature is

M= ET (20)
=

Where B is the radius of curvature, as in the case of the flexible radiator,

the radius of the deployment drum. Stiffness tests were conducted with

1 8q. ft. elements of radiator panel at ambient conditions and in cold
environment to verify that Eq. 20 provides a reliable method for computing the
stiffness of the proposed prototype radiator. It was determined that the EI
product in Eq. (20) could be computed by summing the terms for the transport
tubing and the thin shell of radiator fin material which encompasses the

transport tubing

EXl= TWE . Crose) (_4,4...1-.4)+T?‘E (Fin) [(do+2t)4-- d 4 .
4 a4 °

T T T AT G R K TW P o= ¥ 7y
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This assnumes that the tubing bends about ite own neutral axis, and that the
fin material forms a separate tube which surrounds the tranaport tubing, One
of the elements tested contained 12 polyurethane tubes with thick eilver backed
teflon fin material. The bending moment computed for the tubing and the

fin materials are 0.047 in-1b and 0,473 in-1b reapectively for a total of

0.52 in-1b, This compares to the experimentally determined value of 0, 46
in-1b at ambient conditions. The second element was constructed from

teflon tubing and thick silver backed teflon film. The predicted values for

the tubing and fin are 1.025 in-1b and 0. 261 in-1lb for a total of 1.286 in-1b.
The experimental value is 1.8 in-1b. The elements were also tested at 0°F,
For the cold environment the experimental bending moment for tha element
with polyurethane tubing increased to 0.57 in-1b, whereas the moment for

the teflon tube element remained approximately the same as for ambient
conditions,

The elernent tests showed that equation 20 provides an approximate
method for computing the required bending moment but that a factor of safety
should be included to allow for unknowns in the analysis.

Equation (2@)was applied to estimate the spring sizes required for the
prototype radiator. The results for the alternate radiator construction are
compared in Table IV. For the construction with one layer of wire mesh,
the neutral axis was assumed to coincide with the silver wire mesh. This
causes the computed stiffness with one layer of wire mesh to be almost as great
as that for two layers. Actually the neutral axis will be positioned between
the Jayer of wire mesh and the center of the tubes so that the panel should
not be as stiff as calculated. With two layers of wire mesh the radiator is
stiffer with polyurethane tubing than with tetlon tubing. The reason is that
the smaller diameter of the teflon tubes reduces the moment of inertia of
the screen wire fin material enough to offset the added stiffness of the
teflon tubes. It iz recommended that a factor of safety of at least 2.0 be
applied o the results of Table 4 when sizing the springs for the retraction

mechanism, TLie will insure that the rediator will wrap tightly ebout the deploy-

ment drum upon retraction.
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Thus, with regard to stiffness, the construction with two layers of wire merh

are comparable or superior to the construction with one layer.

A small element was fabricated with two layers of screen wire and teflon _ ty

{
tubing to determine whether the problems will occur in laminating the radiator. . A

Sheldahl Advanced Producte Division stated that they will not be able
— to fabricate the radiator with two layers of screen wire without extensive
revisions of their roll laminating machines. Therefore, it will be necessary
to develop alternate procedures for fabricating the panel. To consl::luct the
- element, an aluminum die was made with machined grooves for accommodating
;E the transport tubing. Vacuum holes were drilled periodically at the bottom
of the grooves to hold the fin material in place while the tubing is being . ]
positioned, The tubes are bonded tc one-half of the radiator wﬁich is held
in position by means of the vacuum holes. Subsequently, the opposing half
of the radiator is held in the die and the mating half with attached tubing is
placed in position. The two halves of the radiator are then removed from
the die and placed in vacuum bags for curing at elevated temperature. The
element conatructed in this manner appears to be of excellent quality.
Application of the aluminum die should make it possible to produce a prototype

radiator which is straight and uniform in cross section.

Therefore, since the construction having two layers of wire mesh have
performance and weight advanfages, are comparable in stiffness to those
having one layer, and appear to be manufacturable with proper tooling, it
is recommended that the prototype radiator be made with the double layer

of screen wire,

2.5 Inflation Tubing Requirements
Numerous . ambient tests were conducted with inflation tubing and |
_ retraction springs to determine the best method of attaching the tubing to
the springs, and to obtain deflection data for sizing the inflation tubing for the
prototype radiator. The tests showed that the springs must be attached to the
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tubing as shown in Fig. 15. For this method of attachment, the spring tends
to stretch the inflation tubing while the inflation tubing tries to compress

the spring. This type of loading causes the system to deploy and retract with
a linear motion, whereas for other methods of attachment the tip of the radiator
extends in a curved trajectory with the spring and inflation tubing forming a
apiral as shown in Fig. 16, With the correct method of attachment, the spring
and inflation tubing remain reasonably straight until they contact th> deploy-
ment drum. Then they roll around the drum with a radius of curvature slightly
larger than that of the drum. Apparently there is a buckling phenomenon which
occurs as the tubing contacts the drum. At aections- removed from the drur_n
the tubing remains inflated and is stiff enough to straighten the spring. As the
tubing contacts the drum it buckles and the spring is able to wrap it around

the drum.

A slight curvature exists over the entire length of the inflation tubing.
The tubing acts as a beam with a prescribed stiffness wl'_n_ich is subjected to a
constant bending moment induced by the spring. It, therefore, geeks an
equilibrium position which is described by a constant radius of curvature.
The radius of curvature and bending moment are related by
R=EL (22)
M

Sections of inflation ti'ing were pressurized and loaded to establish the

effective EI expeérimentally. E was then measured separately in a tensile

test machine so that I could be determined and compared with theoretical
predictions. The tubing tested in this manner has a non uniform cross section
as shown in Fig. 17. Because of the overlapped joint the moment of inertia

is much larger about the x~x axis than about the y-y axis. The effective moment
about each axis was deiermined experimentally by loading the tubing as a
cantilevered beam as shown in Fig. 18. The deflection at the end of the beam

is given by

4 = F—Q; (23)
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Thus, EI could be determined by measuring the deflection as a function
of loading 3
Ex= FR , .

3 A (24)
Table V compares the El values computed from Eq, 24 uping experimental
values of ¥ and D with the EI values computed from geometric measurements
of the tube wall thickneess and diameter. The reulta_ show that the
experimental measurements do not correlate with the values predicted
for a hollow tube. The measured moment of inertia is relatively insensitive
to the loading axis, and can be computed approximately by treating the tube as

having a uniform wall thickness equal to the average wall thickness

TABLE V EFFECTIVE EI FOR INFLATION TUBING

Pressure Load EI - Experimental 'El - Predicted
(psi) _  Axie (1b-in2) (1b-in2)
5 y-y 5670 10, 275
10 Y-y 7290
15 y-y 7290
5 X=X © 6745 5,130
10 X-x 8993
15 X-% 9810

of the inflation tubing. The average EI computed by this method is 7296, This

compares reasonably well with the experimental values in Teble V.
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Figure 19 shows the poaition of the tip of the inflation tubing as a
function of the radius of curvature in Eq. 22. As a design goal it is
recommended that a radius of at least 250 ft, be selected. The EI required
from Eq. 22 is

EI = (250) (12) ™y
Assuming a factor of safety of 2.0 in Table 4 the bending moment required
in each inflation tube is approximately 20 in-1b. The modulus of the inflation
tube material is approximately 80, 000 pai. Thus

I (250) (12) (20) 4
- 80, 000

For 4' diameter inflation tubing the wall thickness required is 0.030 inch.

= 0.75 in

No factor of safety is required in this case because unknowns in the analyses
will only change the radius of curvature of the tubing. Figure 19 shows that
the end coordinates of the tubing are not sensitive to emall variations in R

for the design goal of 250,

An equation for buckling of the inflation tubing was derived by assuming
that the energy for bending is absorbed in deforming the material and in

compressing the gas in the inflation tubing.

M=TEta (n-FA)v 2050 PRA(+S )

(25)
where [ = the radiue of the inflation tubing
t = thickness of inflation tubing
A = deflection of the wall of the inflation tubing with bending
E. = modulus of inflation tubing
[ = radius of curvature
P = internal pressure
Castiglianc's theorem was applied to compute Ain Eq. (25). The result is
&
A 22.44 n
= mm—em e - 26)
z, 7 4 : (
Dt [ w1229 A7 L 5 409 Pt
D’. t’l E t‘L
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To determine the 1limite tor buckling it is assumed thet the walla of

the inflation tubing will not withstand & compressive load. Thus when the

compressive stress in the wall associated with bending exceeda the tensile
stress caused by the internal pressure of the gas the tube will buckle. The
compressive stress in the wall caused by bending is

[
F=LlM-2.01cPRAR]) T (27)

The tensile stress caused by the internal pressure is

G - % (28)

Equating the stress in Eqs. (27) and (28) with A computed from Eq. (26)
defines the limits for buckling.

exiating 2"

The critical bending moment for the

diemeter inflation was determined experimentally to test the
accuracy of the theoretical method.

are compared in Figure 20.

The experimental and theoretical results

The minimum pressure required to prevent buckling of the inflation tubing
vwes computed for a bending moment of 20 in-1b and a diameter of 4 inches.
The analysis shows that the pressure required is only 0.86 psi,

2,6 Extendible Boom Anelysis

With a general lack of material and section property data,
assumptions,

certain
tests, and analysis methods vere used to determine the allowable

compreasive load carrying capability of the boom. BRased on some section pro-
perty, and ultimate bending moment date cbtained from Fairehild through s

telecon, some basic assumptions were made as to the materiasl properties and
the other section properties.

Preliminary analysis based on a simple support beam column indieated
thet the critieal buckling load was approximately 2 1lbus.

on earth and 32 1lbs.
in a zero-g environment.

Test results of a simple experiment conducted at
Vought indicated that either the stiffness data provided by Fairchilg,

property assumptions, and/or end~-fixity assumptions were in error,
tinuing to assume the validity of the Feirchild data,

materigl

By con-~
material and section
property data wes altered and the coefficient of end fixity established. The
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coefficient of end fixity egreed very closely with that of a beam column
fixed at both ends. '\
By applying the appropriate buckling equations, it was determincd 17
that the critiecal buckling load on earth was approximetely 127 lbs. and ;
417 1bs. in a zero-g environment.
The aralysis to date is incomplete and further tests, review and
analysis are required to either support or refine this the simplified
analysis and its associated assumptions. ' )

3.0 PROGRESS CN MAJOR END ITEMS

The design requirements phase 18 essentially complete, Additional
analyses and tests are vequired to esteblish the operating temperature limits
of the tramnsport tubing and fittings. Additlonal ambient tests are planned
for the prototype inflation tubing end retraction springs. The space deployable
boom will be loaded axially to insure that it will not buckle in a 1-g test
environment. Experimental data 1s needed concerning micrometeoroid penetration
of polyurethane and Teflon. The thermel analyses showed significant weight
and performance advantages for two layers of screen wire mesh. An element was
fabricated with the double layer construction to establish fabrication techniques.,
The program is on achedule, and no major technical problems have
occurred.

4,0 WORK SCHEDULED DURING THE NEXT REPORTING PERICD

Work during the next monthly reporting period will be directed
towards finalizing the design requirements studies and initiating'the detalled
design drawings for fabricating the system. Vendore will be contracted to
begin fabrication of the fin material. Retraction springs, inflation tubing,
transport tubing, and additionel materials will be purchased for fabricating
the prototype esystem.

38 A-41




P

1 %

JR

|‘|
5,

5.0

1)

2)

3)

L)

5)

REFERENCES

Statement of Work for Development of A Prototype Flexible
Deployable/Retractable Radiator System, MASA/JSC Contract
NAS9-1L4476, June 1976

Rittenhouse, J. B., "Meteoroids", Spece Materials Handbook -~
Third kdition, July 1968.

Leont'ev, L. V., "Some Results of Research on High Velocity
Impacts", NASA TT F-13,7k0, August 1971

Di Battiste, "Correlation of Data In Multilayer Lamination
Plates", November 1972

"So1id Polyurethane Technical Specifications", J. P. Stephens,
Co., Inc., East Hampton, Mass, February 197h.




2.

3.

8.

9.

- 10,

11.

12.

13.

APPENDIX A REFERENCES ON MICROMETEOROID3

“Tnvestigation of Stress Waves and Effects of Hyperveloelty Impact"”,
Final Report, Principal Investigator Ray Kinslow; NASA Grant
#NGR-143-003-007, SBupplement 2; Final Report, #N71-379533 July 1, 1969~
November 30, 1970.

"NASA Space Vehicle Deaign Criterim (Environment)", Meteoroid Environmental
Model, (Near Earth to Lunar Surface); Prepared by B. G. Courpalais -
NASA; March 1969,

Symposium on Reuseable Surface Insulation for Space Shuttle exert 1.1,
"gimulatic Meteoroid Penetration of Reuseable Surface Insulation";

by J. K. Lehman and H. E. Christensen, McDonnell Douglas Astronautics
Co.; Pg T31l; September 1972.

NASA Space Vehicle Design Criteria - {Structures)”, Meteoroid Damage
Assessment; Author, V. C. Frost, Aerospace Corp.; May 1970.

"Multimaterial Lamination as & Means of Retarding Penetration and
Speiletion Failures in Plates", #NASA TN D-6989; Prepared by
John D. DiBattists and Donald H. Hurmes, Langley Research Center;
November 1972.

"Development of Materials and Materials Application Concepts for
Joint Use as Cryogenic Insulation and Micrometeorite Bumpers",
Annuel Summery Report; Goodyear Aerospace Corp. #GER 11676 S/2L;
Reproduction; Section VII pg 117; June 30, 1976.

"Phenomanos After Meteoroid Penetration of a Bumper Plate", Final
Report; by F. C. Todd; #N73-17894; November 1, 1971-January 1, 1972.

"A Guide to Using Meteorvid - Environment Models for Experiment and
Spacecraft Design Applicaticns"; by Donald J. Kessler, NASA;
#NASA TN D-6596; March 1972.

"Hypervelocity Impacts into Stainless-8teel Tubes Armored with .
Reinforced Berylliium"; by A. R. McMillan, General Motors Corporationy
#NASA-TN-D-3512; August 1966,

"Final Report Meteoroid - Bumper Interactions Program"; by P. 5. Goughj
#NASA CR-~T2800 SRI-R-59; November 1970,

"Dustwall Meteoroid Shielding"; by Carl N. Klahr and Sylven Cutter;
Technical Report AFFDL-TR-65-~6T; September 1965. .

"Simplified Ballistic - Limit Expressions for Thin Sheets"; by
Deene J. Weidman; #NASA TN D-S5556; November 1969.

"Thermal Design of Explorer XII Micro Meteoroid Satellite"; by
Earl C. Hastings, Jr., Richard E. Turner, and Katherine C. Speegle;
#NASA TN D-1001; May 1962.

A-43




1h.

16.

17,

18.

19.

20,

21.

22,

23.

2hl

25.

26,

NASA Technical Memorandum "Hypervelocity Impact Testing of L-Band
Truss Cable Meteorcid Shielding on Skylal': by David W. Jex;
#NASA TMX~64Th3; February 23, 1973.

"Mateoroid Damage Asgsessment”, Distributed by National Technical
information Service #NT1l-250T0; May 15T0.

"Some Results of Research of High Velocity Imgacts"; by L. V. Leont'ev,
A. V. Tarasov, I. A. Tereshkin; NASA Technicel Tranalation; ANASA TT-13,Tk0;
1971,

"Development of Meteoroid Simuletors for Hypervelocity Impact Studies";
by R. L. Woodell and E. R. Berus; #NT1-12664; Octuber 1970.

"A Guide to Using Meteoroid - Environment Models for Experiment and
Spacecraft Design Applications'"; by Donald J. Kessler; NASA TN D-6526;
March 1972,

"Hypervelocity Research Program", Finel Report; by H. W. Semon;
General Electric Co.; R63SD19; February 1963.

"Investigetion of High-Speed Phenomena", Final Report; by D. G. Becker
and J. C. Slattery; December 1972.

"Meteor Research Program"; by A. F. Cook, M. R, Flannery, H. Levy II,
R. E. McCrosby, Z. Sekanina, C. Y. Shao, R. B. Southworth, and
J. T. Williams; NASA CR-2109; September 1972.

"Bumper-Protec’ied Leminated Spacecraft Mainwalls"; by Ray Kinslow;
NASA CR~-2262; May 1971.

“"A Discussion of the Modes of Failure of Bumper-Hull Structures
with Application to the Meteoroid Hazard"; by C. Robert Nysmith;
#NASA TN D-6039; October 1970.

"Meteoroids"y J. B. Rittenhouse, Space Materials Handbook -~ Third
Edition; July 1968.

"Study of Hypervelocity Meteoroid Impact on Orbital Space Stations",
Final Report; by K. R. Leimback and R. J. Prozan; #NT3 23841; Apri. 1973.

"pPerformance of Solar Shields"; by Robert J. Schwinghemmer, NASA
Pechnical Memorandum; #NASA TM X-64901; October 197k,

A~44




DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTFM ‘i

PROGRESS REPORT NO, 2 A

1 August through 31 August 1976 Ly

10 September 1976

CONTRACT NO. NAS9-14776
DRL: T=-1213, LINE ITEM 2 J
DRD: MA=-182TD

Submitted to:
THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

JOHNSON SPACE CENTER
HOUSTON, TEXAS

BY

VOUGHT CORPORATION
SYSTEMS DIVISION
DALLAS, TEXAS 75222

PREPARED BY: CHECKED BY: APPROVED BY:
, ' r )
« W, Leaci . A, Uren R. L. Cox
A-45




L4

HL AR Ll o B YL, L

. | W YR Y TR

IR LR L

Monthly Progress Report No, 2

Developrent of a Protntype Flexible Radiator System

1.0 Overall Progress

Work during the second reporting period has been concentvated on design re-
quirements for the prototype flexible radiator system, and has included analyses,
element tests, and surveys of manufacturers' capabilities relevant to the design and
fabrication of the system which will follow in subsequent reporting periods, Tie
studies of the second reporting period follow the outline of the statement of work
of reference (1) and address the following subjects.

1) evaluation of effect of curvature of the soft tube radiator panel on radiator
performance

2) evaluation of methods for fabricating the prototype panel

3) permeability of plastié and elastomeric transpurt tubing.

A briefing was held at NASA-JSC on 12 August to discuss findings of studies documented
in reference (2) and to cbtain NASA inputs prior to initiating the design phase of the
program. The design requirements studies showed that significant performance advan-
tages are possible if two layers of screen wire mesh are incorporated into the radia-
tor fin construction., The performance is also improved if Teflon tubing and Freon 21
transport fluid are used instead of the proposed polyurethane tubing and Cooplanol 15
transport fluid, HNASA and Vought agreed that the radiator would be constructed with
a dual layer of wire mesh and that additional tests and analyses would bLe conducted

to evaluate and attempt to resolve potential problema with the Teflon/Freon 21 system,
It was also agreed that tests and analyses of the tubular extendible boom deployment
system would be delayed until after the inflation tubing deployment system is checked
out on the full scale radiator panel. The inflation tubing system was demonstrated
successfully on the smaller engineering model radiator during the intial reporting
period. Additional design studies were planned to develop a fabrication tachnique

for constructing the prototype panel, to establish operating limits of tramsport tubing,
and to evaluate the effects of radiator panel curvature on thermal performance.

2.0 Design Requirement Studies

This section describes the results of individual design requirements studies
conducted to obtain data for designing and fabricating the flexible radiator syatem,

2,1 Effects of Radiator Pane) Curvature on Thermal Performance

The retraction spring of the inflation tube deployment/retraction system cause
the radiator panel to be slightly curved. This influences the effective environment
of the panel because part of the thermal radiation emitted from an element on the
panel is absorbed at adjacent surfaces, The view factor betwezen two elements on the
panel shown in Figure 1 is:

Cos’¢ dAy
Flz = P (1)
~la
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(2)

where Tk <w2d fon ¢

The view factor from the pane’

to itrelf is obtained by integrating, For & two
sided radiator
A (3)
F : gwRE
PANE. - Panr; BTR

The radiosity leaving the panel is

T - ectts PG (4)

where 4
G=:= €0 Ta +F

Fave, . ¢ psg,

T
(5)

The net heat transfer from the panel is

G5 A0 P Vo (7Y T Y) ©

(1- £ F}Aﬂr; ¥ YO \

The ratio of the heat re

Jection for a curved panel to the heat rejection for a
straight panel 1is

A
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TABLE I Effacts of Panel Curvature
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2.2 Evaluation of Methods for Fabricating the Prototype Radiator Panel

A method is being developed for laminating the radiator with the transport tubing
sandwiched between the two opposing halves of the panel, The mathod employs dies
made from aluminum plates., The plates have grooves machined on one side as shown in
Figure 2 to accommodate the transport tubing. Vacuum holes are drilled at the bottom
of the grooves to provide a means for holding the panel in position during the fabri-
cation process. To laminate the radiator, one half of the fin material is positioned
on the plate, and adhesive is applied to the exposed surface in the form of a fine
mist spray. Several thin coats are required to prevent the adhesive from collecting
in puddles and leaving bare spots on the panel, The tubing is then placed in the
grooves and is held in position by the adhesive. The tubing will have been connected
to manifolds and checked for leaks prior to lamination. The vacuum is then released
and half of the radiator removed from the mold, Subsequently the opposing half is
Placed in the mold and coated with adhesive. The two halves are then carefully joined
together and the assembly including the mold is placed in an autoclave to cure the
adhesive. Pressure is maintained on the panel during the cure cycle by means of a
vacuum bag. A small section of the panel was fabricated using this method to determine
whether problens are likely to occur, The section laminated by this procure is straight
and uniform in cross section. It is probable that the prototype panel can be fabricated
successfully with this technique.

2.3 Permeability of Plastic and Elastomeric Transport Tubing

A study was conducted to determine potential problem areas for an alternate radi-
Ator transport loop system consisting of Teflon tubing with Freon 21 transport fluid,
DuPont was contacted to obtain information Televant to obtaining leak free connections
between Teflon tubing and manifolds, Work under previous contracts had shown that
because of cold flow of the Teflon, leaks develop at the connectors during operation
which require repeated tightning of the fittings. DuPont's representative (Mr, J.
Ferrin) could not recommend a solution, but suggeeted that part of the leakage could
be a result of the permeability of the tramsport tubing, No permeability data was
available for Freon 21 but data for Freon 22 and Freon 12 indicate relatively high
leakage rates may occur,

The teat apparatus shown in Figure 3 was constructed to measure permeability,
The apparatus contains a 15 ft, length of 3/16" OD x 1/8" ID FEP Teflon tubing which
is arranged as a U~tube, filled to near the ends, and pressurized with nitrogen gas,
The miniscus level is monitored as a function of time to determine permeability,
Tests were conducted with the tubing exposed to ambient air and immersed in hot water
to observe temperature effects. The &pparatus was arranged so that the liquid Preon
was not exposed to a fitting, thus eliminating the poseiblity of leakage at the con-
nectors. Any potential leakage could be detected by observing a decay in pressure
of the nitrogen gas or by employing a Halogen lesk detector. A G.E. model H-10
leak detector indicated leakage along the entire length of tubing, confirming that
the tubing is permeatle to Freon 21, The measurements given in Figure 4 shows that
Permeabilily increases markedly at higher temperatures, -

To show the impact of the tubing permeability on the operation of flexible
radiators the total leakage rate from a three panel system is computed below. From
Figure 4, the permeability at a nominal temperature of BOOF 1ia
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The leakage rate through a section of tubing 1s given by

K. 2MEPLAP
) b (na/n)

For .0625" ID X .125" OD tubing, 48 tubes/panel, 1 = 25', P = 100 pai, the
leakage rate is

m =z (@ (49\(:5\(.1\(;)(11\(1-42"0-')( 100) / Lo (2)

m = @556 Ibm /day

This leakage rate would result in a loss of approximately 17 1lb, of Freon 21 in a
thirty day mission. There is also a potential problem that the transport fluid
leaking through the tubing would attack the adhesive used to bond the two halves
of the radiator panel.,

Mr. J. Lann of DuPont Fluorocarbon Division was contacted for suggestions on a
possible subatitute fluid, He recommended that we test Freon 11, The results
given in Figure 4 show that the permeability of Teflon to Freon 11 is substantially
lower than for Freon 21 at low temperatures, but exceeds that of Freon 21 above
150°F, The leakage rates for Freon 11 are probably acceptable for misasions where
the average fluid temperature is around 70°F, Freon 11 1s more likely to be com=
patible with surrounding materials than is Freon 21,

Permeability tests were also conducted with Coolanol 15 transport fluid. No
leakage was detected at temperatures to 200°F Teflon or Polyurethane tubing,

3.0 Progress on Major End Items

Additional analyses and tests are required in the design requirements phase,
Alternate materials need to be evaluated to obtain maximum thermal performance,
operating temperature range, and reliability of operation. Experimental data is
needed concerning micromsteroid penetration of the transport tubing. Tests should
be conducted to develop reliable methods for connecting the tubing to the manifolds.

The program is on schedule. Permeability of Teflon to Freons and low strength
of Polyurethane at high temperature are problems which were not anticipatad, There=-
fore, unscheduled work is required to evaluate alternate materials, The program
could fall behind schedule if long delivery times are required to obtain materials
for testing.

4,0 Work Scheduled During the Next Reporting Period

Work during the next monthly reporting period will be directed towards finalizing

the design requirements studies and initiating the detailed design drawings for fabri~
cating the systenm,
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Monthly Progress Report No. 3

DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.0 Overall Progresa

Work during the third reporting period has been concentrated on the design require-
ments for the prototype flexible radiator syatem and addresses the following subjects;

1) Transport fluid evaluation

2) Transport tubing evaluation

3) Tubing/manifold conmnector teats

4) Micrometeroid impact simulation test

5) Copper/eilver backed Teflon fin materia) test.

The studies identified two fluids, Freon 11 and Coolanol 15, and two tubing matérials.
Hytrel and FEP Teflon, for use in the flexibile radiator system. Several variations

of tubing/wanifold connectors combining epoxy and compression type fittings were tested
succesfully in the temperature range =509F to +200°F, A purchase order was released to
Texas ASM University to conduct micrometeoroid impact simulation tests, Copper/silver
backed Teflon was tested as a possible lower cost substitute for Inconel/silver backed
Teflon fin material, The tests showed the copper/silver combination is unacceptable
because the copper diffuses into the silver at temperatures which will be experienced
at extreme operating conditions,

The design requirements phase is nearing completion, and satisfactory solutions
have been achieved for all foreseeable problems, The design phase will begin during
the next reporting period.

2.0 Design Requirements Studies

This section summarizes the results of individual design requirements atudies
conducted to obtain data for designing and fabricating the flexible radiator system,

2.1 PFluid Selection Studies

Published data on transpoxt fluida were analyzed, and compatibility/permeability
tests were conducted to evaluate and Selected fluids for optimum performance and opera~
ting range., Table I gives transport property data of candidate fluids at 77°r. This
temperature is representative of the operating conditions of flexible radiators. The
radiator panel area requirements for the candidate Fluids are given in Fig. 1, The
miniwum area in Figure 1 assumes no thermal resistance between the fluid and the base
of the rudiator fin. This would be approached for the case of a fluid with very high
thermal conductivity in aluminum tubing, The actual area requirements are based on
the various candidate fluid conductivities with 0.035" wall thickness FEP Teflon tubing.
The radiator tube spacing is assumed to be 0.75", and the fluid flow rates are computed
from the specific heat data in Table T for a 4 KW - 60°P Delta T - three panel system,
The discontinuities in the curves for FC-88, E-1, Freon 11, and Frcon 21 indicate tran~
sition from laminar to turbulent flow., Prassure drop data computed for the candidate
fluids 1s given in Mg, 2, The flow length is assumed to be 50' for a 25 radiator
panel, and the flow per tube is computed assuming twenty parallel flow tubes per panel,
Pumping power weight penalties for the fluids 18 given in Fig, 3. The weight penalty

~1- A-55
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is assessed at 540 1by/EVW assuming a 13X pump/motor efficiency, Fluid weight given
in FPig, 4 1s computed from the fluid densities assuming that the total volume of
fluid raquired is double the volume contained in the radiator. This is probably

less than the actual raquirements, which will depend on the ‘#agth of conmecting
lines, the volume of the system accumulator, etc, For Comp.rison purposes, example
computations were made for the weight of fluid in a 25' length of 0,375" 1D connecting
line. The weight ranges from 1.1 lbm for Coolanol 15 to 2.3 1b_ for FC-77,

The total fluid system weight for a 4' width x 25! length radiator containing 40
paralle) tubes is given in Fig. 5. The tube wall thickness ia assumed to be ,035", and
the tube material density is taken to be that of Teflon (p=135 lbh/Ft3). The figure
shows that an optimum tube diumeter exists for each fluid for which the weight of the
radiator 1s minimized. The difference in the minimum unit weight for the candidate
fluids 18 not large enough to be a decisive factor influencing the selection of the
optimum flexible radiator fluid. The diameter for which the minimum weight occurs is
important because the %ube diameter affects the atiffness of the radiator and the
weight of the deployment/retraction system. The area requirements also impact the
deployment syatem and the Pana] weight. Operating temperature range, and materials
compatibility are additional factors which must be considered in selecting a fluid.

Fluid system weight and radiator panel areas are given relative to Freon 21 in
Table II. The adjusted welght accounts for effects of differences in area require-
ments on fluid system weight, but does rot account for weight of the fin material or
weight of the deployment system. Thus Table Il does not give a complete account of
the weight penalties for the candidate fluids. However, the data is sufficient for
quantitative evaluation of the fluids, More detailed enalyses will be conducted for the
fluids selected for potential use in the flexible radiator system. Based on area re=-

quirements and fluid gystem weight in Table II,Oronite FC-100, Freon E-i,and FC-77 may
be eliminated from the list of candidates.

For spaceradiator applications the lower operating temperature limit of a fluid
is restricted by the onset of flow instabilities which occur when viscority increases
as the fluid is cooled within the parallel flow passages of the radiator, The insta~
bilfties adversely affect the distribution of flow in the parallel network, An equ=
tion is developed in Ref, (1) for computing the limits of stable operation. Figure 6
compares the minimum stable operating temperatures computed for the Tenaining fluids
for which low temperature viscosity data are available, RS~89at is unacceptable
for very low temperature applications because of flow stability problems, It is ex-
pected that che PC fluids which could not be analyzed would be acceptable,

High temperature operation is limited by permeability and strength of transport
tubing, Fluids with high permeability coefficicnts and high vapor pressure require
unacceptable tube wall thickness, Permeability tests discussed in Ref. (2) show that
leakage rates for Freon 21 are too high except at very low temperatures, and that
Freon 11 and Freon E-1 are acceptable only for temperatures below 100°P,. Samples of
the FC fluids have been ordered fo. testing. It ia expected that the permeability
of these fluids will be similar to that of the Freons, However, no decisions should
be made with regard to fluid selecticn until the PC fluids can be tested, PC-88 ig
attractive as a candidate fluid because of its thermal performance characteristics
and tube diameter requirements, Of the fluids teasted Coolanol 15 and Freon 11 have the
more desirable properties for flexible radiators, RS-89-a is the optimua fluid for
applizatione where the minimum fluid outlet temperature does not drop below the stable
operating limit, Because of the way that the manifolds are arranged in the prototype
radiator, the flow network actually is comprised of two series connected parzllel banka
of tubing. This extends the limits of stable operation. Figure 6-a gives the approx-
imate stable region of operation for RS~89a in the prototype raifator,

*R589a = Rthylene Glveol - watas
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2,2 Tubing Selection Studiea

An axtensive materials evaluation survey documented in Ref. (3) comparad data
on twenty-eight tubing materials. The study identified polyurethane and FEP Teflon
as having desirable properties for use in flexible radiators. Two additional materials
were tasted during this reporting period as poasible alternates, Flexite FN Nylon was
selected for further evaluation at NASA's requeat because of its compatibility with
Freons, A sample of tubing was obtained and tested for flexibility. The sample was
extremely stiff at low temperatures and shattered upon bending at -75°F. Hytrel tubing
was also obtainad and teated as a possible substitute for polyurethane. Compatibility
teats at 200°F showed no effects of exposure to Coolanol 15 and Freon E-1 after 24 hours,
The Hytrel did swell by approximately 30X in the presence of Freon 11, and deterior:sted
with exposure to Freom 21, Vendor data given in Fig. 7 indicates that the Hytrel is
more flexible than Polyurethane at low temperature, and is stronger at high temperatures.
Creep data given in Fig. 8 shows that the high tempersture strength is sufficient for
flexible radiator applications when the wall stress does not exceed 500 psi. This is
well within the limits expected for the fluids identified in Section 2.1, Vought tests
showed the mate 'ial to be compatible with Coolanol 15, Additional tests are planned
for compatibili.y with the FC fluids.

2.3 Tubing/Manifold Connector Tests

An apparatus was designed to test methods for connecting Teflon transport tubing
to a manifold. Work under previous contracts has shown that leaks develop at the mani-
fold fittings because of cold flow of the Teflon., Therefore, several unusual types of
connectors designed to resist leakage caused by cold flow were tested. A manifold was
constructed, as shown in Fig. 9, so that several concepts could be tested simultaneously.
The teat sequence consisted of alternate exposures to het and cold environments with
the system pressurized to 200 psig., The tubing was charged with Coolanol 15 to test
compatibility btween the transport fluid and materials used in the connectors. The
system was submerged in a 200°F bath for periods of approximately two days followed by
short exposures of approximately 10 minutes duration to a dry ‘ce bath at ~75°F. The
system was then checked for leaks and re-immersed in the hot ba:h. Very small leaks
were easily detectable following the cold exposure because the leaking transport fluid
would melt and discolor frost accumulating on the system, Leakage was also monitored
by measuring the level of the Meniscus of the extrapped transport fluid which was ob-
servable through a 0.25' dia. sight glass. Table IIT 1ists the types of fittings test-
ed and gives the results after 24 days of testing. The test sequence 18 scheduled to
continue for 30 days. The Swagelok fittings listed in Table III contain two compression
ferrules that squeeze the tubing as the fitting is tightened. The aluminum-aluminum
designation for test specimen No. 1 indicates that both ferrules are aluminum, For
specimen No. 4, the back ferrule is stainless steel and the front ferrule is Teflon,
The threaded nut of all swagelok fittings tested is aluminum. Inserts made from
stainless steel tubing (.062" OD x .006" wall) were inetalled inside the 1/8" OD x 1/16"ID
Teflon tubing to restrain the deflection of tubing as the fittings were tightened. Sim-
flar inserta were used in the LoOn compreasion type glued connectora, In this case the
Teflon tubing is glued to the inside of a larger tube as shown in Fig. 10. This type of
fitting im not susceptible to cold flow of Teflon as occurs in compression type connectors.
The inserta were used in this case to ferce the tubing cross section to be nircular, and
insure a sound,close tolerance glue joint,

The results in Table III show that all of the pure compression type fittings leaked
at some point in the teat, These fittings did not leak after every cold scak, but some
leakage did occur at each fitting at least once during the 24 day test. The connector
with stainless steel back ferrule and Teflon front ferrule leaked less than the other
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compression fitctings. None of the compresaion type fittings with glued ferrules leaked.
These fittings were prepared by etching the outside diameter of the Teflon tubing and
coating it with 3-M EC-2216 epoxy. The fitting was then assembled and tightened before
the adhesive was cured. Moat of the overlapping tube glued joint connections developed
leaka during the test. Apparently it is more difficult to obtain a thin uniform layer
of glue with this method than in the compressiorn type fittings. This is important be-
cause vapors form inside the adheaive during the cure cycle and create leak patha for
the transport fluid. It is, therefore, essential to maintain pressure at the joint dur-
ing the cura proceas to keep the glua thickness at a minimum and retard the formation

of leak patha. It is possible that methods could be developed for making this type of
joint effective. However, because of the success of the compreasion cype glued joint,
no further work is planned in this area under the present contract. Two types of Epoxy,
IM=EC2216 and Aremco-Bond 526 were tested, The EC-2216 adheaive proved satisfactory

for the compression joint as described above. However, the Aremco-Hond 526 adhesive is
unacceptable for this application because it expands to approximately double its origi-
nal volume during the cure cycle, and is very porous in the cured state,

2.4 Micrometeoroid Impact Simulation Tests

Texas ASM University has been contracted to perform micromateoroid impact simula-
tion teats on Teflon and Polyurethane. A $750 fixed price, best effort contract was:
issued., The work will be carried out by student labor under the supervision of Dr,

J. L. Rand, Space Technology Division, Texas Engineering Experiment Statlon, Texas,

ASM University. The work will be completed before 20 December 1976, An unspecified
number of 0.080 inch projectiles will be fixed at various velocities up to 6 kilometers/
gec using a light gas gun, FEP Teflon sheet and Polyurethane tubing were aupplied by
Vought, The test will be designed to verify or establish equations used to size the
tube wall thickness of the flexible radiator,

2.5 Evaluation of Copper/Silver backed Teflon

Sheldahl Advanced Products Division, who manufactures Inconel/Silver backed Teflon
used in the fin material of flexible radiators, suggested that the Inconel film normally
used in conjunction with silver might be replaced by copper. The purpose of the Inconel
film 48 to protect the silver from corrosion. Sheldahl has rcently successfully re-
placed this film with copper on materials used in solar collectors. If copper is used,
the cost of fabricating the fin material is reduced by more than $5,000, and the mater-
ial can be produced in continuous rolls rather than in 10' lengths. Sheldahl shipped
samples of copper/silver backed Teflon to Vought for preliminary testing, Small sec-
tions of the material were glued together to test compatibility of the copper and the
adhesive previously aelected for laminating the Prototype flexible radiator, When the
sample was examined after it had been heated to 3009F to cure the adheaive, it was dis-
covered that the silver fin had become discolored. A second sample was prepared with-
out adhesive and placed in an oven at 200°F, It also became discolored after a few
hours exposure. This indicated that the copper had diffused into the silver at high
temperature, Sheldahl was contacted, and they subsequently performed similar tests at
their facility. They confirmed Vought's conclusiona, Sheldahl measured the sodlar.absorp-
tivity prior to and subsequent to heating. This measurement showed that the absorptiv-
ity had doubled. The higher value of golar abaorﬁiivity is unacceptable for flexible
radiators., Thus copper/silver backed Teflon was rejected for use in this application.

3,0 Progress on Major End Items

The design requirements phase is nearing completion. One trangport fluid, FC88,
remains to he tested for compatibility and permeability in Hytrel and FEP Teflon tubing.
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These testa should be completed within the next two weeks. Meteorold penetration
teats are in prograss, but final results will nct be avoilable in time to influence
the design of the prototype radiator aystem, Preliminary results will bhe available
to verify equations used in the design, ond could impact the program if major dia-
crepancies are observed, Design drawings aic being prepared for tooling te laminate
the radiator, and for componenta such aa the depioyment drum which are not affected
by the unresolved items in the deaign requirenent phase. Sheldahl Advanced Products
Division has been contracted to fabricate the fin material for the radiator, and
delivery is expected by 30 November 1976.

4.0 Work Scheduled During the Next Reporting Period

Work during the next monthly reporting perjod will be directed towards finalizing
the design requirements astudies and initiating the detailed design druwings for fabri~

cating the system,
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1.0 Overall Progreas

Work during the fourth reporting period has been concentrated un the denign
requirements and design phases of the pregram, and addreases the following sub-
jects:

1) transport fluid evaluation

2) transport tubing evaluation

3) U.V. degradation of flexible radiator adhesives

4) fabrication tooling design

5) detail design drawing

Studies documented in previous reporting periods have established a basis for
designing the system. The purpose of the design requirements studies of this re-
porting period have been to reduce cost and improve the radiator performance. The
search for better fluids and tubing during the last reporting period has eliminated
several possible candidate materials but has not lead to improvements in the system
design. U.V. degradation tests on adhesives are being conducted at NASA Langley
Research Center to determine whether it is possible to delete the Silver/Inconel
vacuum deposited coating currently being employed to protect the adhesives from
solar exposure. There 1s a potential for significant cost reduction if it is de-
termined that the glue is not wvulnexable to U.V. radiation and therefore does not
require the protective Silver/Inconel coating.

Tooling for fabricating the radiator panel will be produced during the next
reporting period, and the fin material will be laminated at Sheldahl Advanced
Products Division. This will initiate the fabrication phase of the program.

2.0 Progress on Individual Major Areas.

2.1 Trausport fluid/tubing evaluation: Fluid/tubing compatibility and
permeability tests were conducted with M fluids FC 77 and FC88 and transport
tubing constructed from Dupont Hytrel and FEP Teflon. The tests showed that the
flulds permeate the Teflon tubing at unacceptable rates, and weaken the Hytrel
tubing to such an extent that it cannot withatand the required internal fluid
pressure. Permeability does not appear to be significant for the Hytrel tubing.
However, at temperatures above 150°F the material creeps at a prohibitive rate

when exposed to the FC fluids at operating pressures. The tubing does not creep
.%. when it is pressurized with N2 gas at 200°F,
i' 2,2 Adhesives Tests: Small samples consisting of films of adhesive coated

= . on 1" diameter aluminum disks were prepared and shipped to NASA Langlcy Research




Center for U.V, degradation testing. The samples completed at the time of this
report wers prepared with General Rlectric SR-585 and SR-574 adhesives. Two types
of samplec were made with SR-585 adhesive, One has the adhesive film exposed
directly to a vacuum-U.V, environment. The second has the adhesive covered with
a film of Teflon/Silver wire mesh radiator fin material, A single sample was con-
structed with SR-574 adhesive exposed directly to the vacuum-U,V. environment.
Materials have been ordered to prepare additional samples with SR-574 and 573
adhesives. The exposure teata will laat approximately 30 days., The purpose of
the teats is to determine whether a layer of Silver/Inconel 1g required in the
flexible radiator fin material to protect the adhesive from the solar flux, Addi-
tional samples are being constructed to determine the peel strength of the adheaives,

2.3 Design: Design drawings were produced for a tooling plate to be used in
fabricating the radiator Panel. A conceptual sketch of the Plate 18 given in Progress
Report No. 2, Materials for the tooling plate have been ordered, and fabrication
will occur during the next reporting period. Work continues on the design drrwings
for the flexible radiator panel and deployment/retraction syatem,
3.0 Progress on Major End Itens

The program is on schedule. The design requirements phasz has been completed,
and work is in progress in the design phase.
4.0 Work Scheduled During the Next Reporting Period

The fabrication phase will begin during the next reporting period. Tooling
Plates will be fabricated at Vought, and the radiator fin material will be laminated
at Sheldahl Advanced Products Division. A meeting will be scheduled with NASA Jsc
to review the design phase effort,
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Monthly Progress Report No. §

Development of a Protctype Flexible Radiator System .

1.0 Overall Progress

Work during the fifth reporting perind has been concentrated on the design
and fabrication phases of the flexible radiator development Progran and addresges
the following subjects:

1) radiator design for selected transport fluids

2) UV degradation of flexible radiator adhesives

3) lamination of radiator fin materials

4) machining of tooling plates for fabricating the radiator panel agsenmbly,

The optinum weight ana dimensions of the radiator panel were determined for
Coolanol 15 and Ethylene Glycol-Water transport fluids, Ultraviolet degradation
tests are being conducted at NASA Langley Research Center to determine vwhether it
is possible to delete the 8ilver/Inconel vacuum deposited coating currently being
employed to protect the wdhesives from solar exposure, The composite radiator fin
material consisting of silver wire mesh and FEP Teflon was fabricated successfully
at Sheldahl Advanced Prodicts Division, A tooling plate for laminating the fin
materials to transport tubing is being produced by the Vought SES Laboratory.

2.0 Progress on Individual Major Areas

2.1 Radiator Design for Selected Transport Fluids, Calculstions were made
to determine the radiator panel and deployment system sige, weight and operating
limits for Coolanol 15 and RS-89a transport fluids. As discussed in Progress
Report No. 3, these fluids have acceptable thermal properties and have very low
rates of permeation through the flexible transport tubing. FEP Teflon and Bytrel
tubing are compatible with these fluids, and have sufficient strength and flexibility at
high and low temperatures, Table I sumnarizes the radiator design parameters which
result from optimizing the system based on the therundynamic properties of the two
fluids, The table shows that the system weight and size are reduced if RS-89a is
selected over Coolancl 15. However, the minimum stable finid ocutlet temperature
is lower for Coolanol 15, Figure 1 gives the stability curvar of the two fluids
for the series connected banks of parallel tubes of the flexible radiator, The
data in Fig, 1 are determined by methods deseribed in reference (1), They show
that the minimum stable ouilet temperature for Coolanol 15 is from 25°F to 759F
lower than for RS-89a. This is Probabl, more significant than the advantage of
weight and size for RS-89a. However, the stable range of operation for either
fluid is too narrow for most gpace applications where the mixed fluig outlet
temperature is regulated by means of a typical by-pass valve type contruller. The
disadvantage of a narrow stable operating band can be off-set by employing a con-
troller which adjusts the extent of deployment of radiator panel to preveat the
fluid outlet temperature from becoming too cold during low-lcad conditions. If

A-1&
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COMPARISON OF FLEXIBLE RADIATOR DESIGNS

DESIGN VARIABLE

Radiator Panel Length

Radiator Panel Area

Radiator Panel Width

Number of Tubes

Tube Spacing

Tube Outside Diameter

Tube Inside Diameter

Relative Weight ®

Pressure Drop

Bending Moment for 10" Dia Drum
Minimum Outlet Temp. (100°F Inlet)
Radiator Fin Emissivity

Radiator Fin Efficlency

Spring Dimensions (5" Dia Mandrel)

TABLE I

R3-89A

2h, 10
76.9 F¢°
38"

50
0.75"
0.125"
0,0625"
51.3 1b
33.0 psi
1L in-1b
-20°F
0.71
0.943

.0167" x 3" x 29°

COOLANOL 15

25.7¢
82.0 Ft?
38"

50
0.75"
0.125"
0.0625"
58.3 1b
25.5 psi
14 in-1b
=70°F
.71
0.943

L0167" x 3" x 31!

*The relative weight includes manifolds, the deployment drum, retraction springs,

transport tubing and fittinge, transport fluid, radiator fins, and the weight

penalty for fluid pressure drop.

PR



wy AJdAW

. sy T W W RIS

Y &a NEUFFEL & ESSEN CO. mad M usa

......

e

T S Y g

———

1Y

i i

........

o r—— - —
. . 3

_'-5:1.90 .. i ] 260 S D e N
. I S : N RO L I '
B ‘I'M_{ F] P ' LM St 5 T NI U VE A -

AL :
U VT S e S

APPRO_&J.MBIL___.;'(AMLLLTJ._ CURVES: FeR . 1
bAMDiLRATA ~-FLEXIBLE. RADIATOR . FLulos S S

]
l T
30 S O AN 5 i , : R EREEE v -
e ¥ Coe ] R T O R A N

3 A-80 !




| IR

this s done, the limits of atable operation will influence the design of the
controller, but the magnitude of the effect is unknown at the presentk time, A
Vought funded atudy is being conducted to establish a prelirinery controller
design for flexible radiators,

The availability of Coolanol 15 for future flexible radiator applications is
uestionable, There are currently only 441 gellons in existence, and the manufacturer
Monsanto) does not plan to continue production. The minimum order required to re-

open production is 7000 gallons at the current price of approximately $110 per gallon.

The radiator designs summarized in Table I are based on results given in
Figures 2-10. Figure 2 gives the bending moment which must be supplied by retraction
springs to wrap the radiator panel around a 10" 4ia, deployment drum for varions
tubing diameters and spacing. Since the tubing must be connected to manifolds with
stendard sized fittings, only two diameters, .0625" and .125", given on the abscissa
of Flg. 2 are actually practical for the prototype test article, The welght ang
aize of the deployment system required to support the bending moment associated
with the 0,125 ID tubing 1s much greater than for the 0,0625" ID tubing.

Figures 3~6 show the effect of tube spacing and diameter on required radiator
panel area and length for the two transport fluids. The figures show that the panel
8ize is relatively sensitive to tube spacing and is smallest for close tuhe spacing.
Tube spacing leas than 0.T5" is not practical because of weight considerations and
associated problems in fabricating the radiator panel.

Figures T and 8 give the system wet weight as a function of tube diemeter and
spacing. The curves show that the minimum welght occurs at diemeters intermediste to
the two practical values of .0625" and 0.125", However, the weight obtained for .0625"
ID and 0.75" spacing is only a few pounds greater than the minimum pessible value.

The system weight given in Figs. T and 8 includes & weight penalty for pumping power
vwhich is assessed assuming a penalty factor of 540 lo./kw and a combined pump/motor
efficiency of 13%. It dces not include the weight of a deploymeut box or of other
hardware which is independent of the radiator panel configuration.

For reference Purposss, the pressure drop across the radietor pane) is given in
Figs. 9 and 10, The data given in the figures includes the Pressure losses in the
manifolds, and miior losses at the tube fittings.

Considering radiator panel stiffness, weight, and aréa, and the practicality
of standard tube sizing; & tube spacing of 0.75" and tubing ID of 0.0625" is recom~
mended. The required tubing OD for 90% survivability for a 30 day migsion in &
micremeteoroid environment is 0.125", Thig leads to the radiator design summarized
in Table I. Coolancl 15 is better suited for this application then RS-89a because
of low teuperature operating characteristics. However, because of the possibility of
Coolanol 15 heing unavailable for future applications, it is recommended that the
prototype radiator be tested with RS-89a,

2.2 Ultraviolet Degradation of Flexible Radlator Adheasives

A 30 day solar erxposure test of General Electric SR 585 adhesive is in progress
at NASA Langley Research Center. The test sample consists of a small section of flexi-
ble rediator fin material bonded to a polished aluminum test fixture with 8R 585 agd-
hesive. The sample is tested in a -vacuum environment with the ultraviolet flux directed
on the adhesive through the transparent fin material. This approximates the shiel’.ng
of the adhesive by the fin materisl that would actually ocecur in a solar oriented space
application of the flexible radiator, However, the presence ¢f the sluminum test
fixture could have an undesirable effect on the test results, The fin materisl and
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edhesive are transparent so that the aluminum mounting fixture is visidle through the

test specimen., Thus the emittance and absorptance measurements made for the test .
sample include the properties of the aluminum fixture, If the adhesive reacts with

the test fixture such that it changes the aluminum surface properties, the effects ,
of the degraded aluminum properties will be indistinguishable from those which would N
be ascociated with the degradation of the adhesive. Also, since the solar absorptance

of the aluminum is relatively high, the equlibruim temperature of the test saunple is

higher then the normal operating temperature of the radiator. Data for the first veek

of testing show that the measured solar absorptivity of the test sample is increasing

a8 a result of the UV exposure. This could mean that the edheasive is degrading and

would thus require protection from solar exposure. The present plans are to continue

the current test to see if the early trends continue, and to try to devise an alternate

test which better simulates the actual radistor operating conditions,

2,3 Lemination of Radiator Fin Materisl

Sheldahl Advanced Products Division fusion bonded silver wire mesh to Teflon
film to produce the fin material to be used in the flexible radiator. The fin material
is produced on a roll leminating machine which employs matched heated rollers to
inerease the temperature of the Teflon to the melting point and to press the silver
screen into the molten film, This is an unusual laminating process which required
modification and adjustment of the roll laminating equipment., Sheldahl had requested
that Vought supply three times the quantity of materials actually required. They
actually needed only twice the required amount and thus were able to produce more fin
material than is needed to fabricate the radiator. However, the silver wirs mesh
(purchased from Newark Wire and Cloth Company) is relatively non:uniform, and as a
result, not all of the fin materisl produced is ussble, The excess fin material not
used in the prototype radistor will be stored and eventually used to make smaller
sections of radistor for element tests and deinonstration purposes.

Because of the high cost and relatively poor quality of the silver wire mesh,
alternate vendors or materials such as expanded silver metal foil should be considered.
The mesh used in the prototype radiator contained several small void aress where wires
hed been skipped in the weaving process; and large sections were severely distorted,
apparently as a result of stretching the wire when stowing it for shipment. The
smell diameter wireis very flimsy and eapily damaged.

2,4 Machining of Tooling Plates for Fabricating the Radiator Panel Assembly

The tooling plate described in the Progress Report No. 2 is being fabricated

in the Vought SES Laboratory. The fabrication of the plate should be completed during
the next reporting period.

3.0 Progress on Major End Items

The program is on schedule. Work is in progress in the design and fabrica-
tion phases,

4.0 Work Scheduled During the Next Reporting Period

The UV degradation tests of adhesives at NASA Langley Research Center and the
fabrication of tooling plates in the SES laboratory will continue. Otherwise very
little activity is scheduled during December 1976. The next fabrication rhase activ-
ities depend on the outcome of the adhesives tests. Vought funded Reseerch and De-
velopment will be conducted during December 1976 to prepare for future bid opportuni-

ties on long life flexible radiators and to develop a control system for the prototype
radiator,
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MONTHLY PROGRESS REPORT NO, &
DEVELOPMENT OF A FROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.0 Overall Progress

Work during the sixth reporting period has been concentrated on the design and
fabrication phases of the flexible radiator development program and addresses the
following subjects:

1) Ultraviolet degradation of flexible radiator adhesives

2) Machining of tooling plates for fabricaeting the radiator panel es3enmbly.
Ultraviolet degradation tests are being conducted at NASA Langley Research Center
to determine whether it is poesihle to delgte the Silver/Inconel vacuum deposited
coating currently being employed to protect the adhesives from solar exposure, A
tooling plate for laminating the composite flexible radiator fin material to trans-
port tubing is being produced by the Vought SES laboratory.
2.0 Progress on Individual Major Areas

2.1 Ultraviolet Radiation Degradation of Flexible Radiator Adhegives,
The vecuum/solar degradation test of General Electric SR 585 adhesive at NASA
Langley Research Center was terminated after two weeks exposure. The solar
absorptivity data collected during the test and presented iﬁ Table I show that the
properties of the adhesive did change appreciably as a result of the vecuum/ultra-
violet radiation exposure.

TABLE T VACUUM Ultraviolet Radiation Degradation of
General Electric SR 585 Adhesive

Test Condition Solar Absorptivity
Ambient Air 0,260
Yacuum 0.273
After 5 days in vacuum 0.282
After U2 hrs vacuum/UV exposure 0.291
After 68 hrs vacuum/UV exposure 0.302
After 159 hrs vacuum/UV expnsure 0.312
After 325 hrs vacuum/UV cxposure 0.354

A-94,
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The adheaive aample was examined under a microscope following the test to
d;termine whethexr the absorptivity measurements nctually reflect physical degrada-
tion of the adhesive. As desoribed in Progress Report No. 5, there was some concern
that the aluminum test fixture to which the adhesive was attached might influence
the test results. However, the post test examination revesled that the adhesive
had darkened, and therefore, would necessarily have a higher absorptivity than it
initially hed as a transparent film. Small sections were observed where the ad-
hesive was not in contact with the alumimum test fixture. These sections had the
same appearance and color &s the sections which were in contact with the'ﬁluminum.
This indicates that the adhesive had degraded independently of the test fixture,
and that the changes in the solar absorptivity measurements are tied directly to
the physical degradation of the adhesive, .Because of the magnitude of the absorp-
tivity increase in Table I, the SR-585 adhesive is unacceptable for the flexible
radiator application unless it ie protected from solar exposure,

A second tust specimen was prepared with SR 573 adhesive and shipped to NASA
Langley for teating, If this sample does not degrade, R 573 will be used to
fabricate the radiator. If the adhesive does degrade, the radiator will 5& fabri-
cated with either SR-585 or SR-573 adhesive, and a protective coating of Silver/
Inconel will be provided as originally planned. The “ests at NASA Langley will
be terminated in January 1977.

2.2 Machining of Tooling Plates for Fabricating the Radiator Panel Assembly

The Vought SES Labtoratory completed work on the Flexible Radiator tooling
plate, A plumbing system is being.fabricsted to connect the plate to the Vought
12' diameter vacuum chamber. The vacwum equipped plate will be used to hold the
radiator panel and tubing in position for lamination. The radiator wvill be lamina-

ted during February 1977.




3.0 Progress on Major End Items ' ‘l
.
The Flexible Radiator bhermal vacuum test at NABA-JSC has been rescheduled for \l
Ty
November 1977 to coincide with the availability of the NASA-JSC vacuum chanber,

The revised Flexible Radiator development program schedule is given in Fig. 1. The

design phase of the program is essentially complete, Work is in progress on the

fabrication phase,
++0 Work Scheduled During the Next Reporting Period
The ultraviolet degradation tests of adhesives at NASA Langley Research Center

will continue during Januery 1977. The flexible radiator deployment drum, menifolds,

and fittings will be fabricated in the Vought SES Laboratories.,
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MONTHLY PROGRESS RFPORT XO. T

DEVELOPMENT OF A FROTOTYFE FLEXIBLE RADIATOR SYSTEM

1.0 OVERALIL, PROORESS

Work during the meventh reporting period has been concentrated
on the fabrication and test Planning phases of the flexible radiator development r
Program and addresses the following subjects. )

1, Ultraviclet degradation of flerible radlator adhesives
2. Fabrication of manifolds and the deployment drum
3. Computer math models for pre-test predictions
b. Belection of time and place for thermal vacuum testing
3. Hypervelocity impact teating
2.0 PROGRESS OF INDIVIDUAL MAJOR AREAS '

2.1 Ultraviolet Radiation Degradation of Flexible Radiator Adhesives

Two samples of flexible radiator adhesives were tested at NASA-
Langley Research Center. The first sauple consists of General Electrie BR=-585
adhesive aprayed on an aluminum test fixture. The solar absorptivity increased
from 0,155 to 0.215 during 583 hours of exposure. “lthough this rate of degra-
dation is not as severe .o was measured for & pre .- .3 sample of SR-585 adhesive
covered with flex' . radiator fin material, it 1s .. 1)1 unacceptable for this
flexible radiator upplication. The second fample coneiote of & section of flexi-
ble radiator fin material glued to an aluminum test fixture with 5R-573 adhesive.
The solar absorptivity measurements for the sample are given in Table I.

TABLE I
UV EXPOSURE DATA FOR GE SR-585 ADHESIVE

Test Conditions o

In air before exposure to vacuum 0.230

= In vacvum prior to UV exposure X 0.233

; In vacuum after 19 hours UV exposure 0.256

" In vecuum after 66 hours UV exposure 0.261

K In vacuum after 180 hours UV exposure 0.279
£

The resulta show that the rate of degradation for S8R-5T3 is too great for the
flexlble radiator requirements. NABA-Langley has requested s second 8R=573
adhesive sample without radiator fin material. Thie sample is being Prepared

: R I
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by Vought., However, because of schedule commitments it 1s not possible

to delay the fabrication of the radiator panel to obtain data from this
test. Because of the increase in solar absorptivity measured for the
other samples s decision was made Jointly by NASA/JSC and Vought to provide

UV protection for the flexible rediator adhesive, This requires that the

radiator fin be coated with silver/Inconel prior to the application of the
adhesive,

2.2 Febrication of Manifolds and Deployment Drum
e e, TN 70445 and leployment Drum

The Vought SES Leboratory is manufacturi
deployment drum for the Prototype radiator.
x 0.75 inch 0.D. 60612-T6 aluminum. Swagelok compression type fittings are
being welded into holes drilled through the 0.125 ineh thick tube stock on
0.75 inch centers. The Swagelok forgings to be velded into the manifold
are 2014 aluminum. Speciel order anodized swagelok nuts are being Purchased

ng the manifolds and
The manifold is 0.50 inch I.D.

formed from 0.0625 inch thick 6061-TE
gluminum sheets.
2.3 Computer Math Model

Two SINDA thermal math mo
pre~tesi jpredictions for the flexible r
first model is designed to expedite the

ling the fluid outlet temperature by regulating the extent of deployment of
the radiator panel. It models a typieal flow path rather than 8 bank of

parallel flow vassages. It accounts for fluid lag time in the manifelds ana
&1so models the thermsl interactions betw

delr. are being Prepered to perform
adiator thermal vacuum test. The
development of s method for control-

model will be amployed to test candidate methods for controlling the system,
and will not require excessive computation time., The second computer model
being developed is much more complex, and simulates thermal irteractions such
a3 the heat transfer between adjacent tubes which are not accounted for in
the first model. It will be employed to meke the final pre~test predictions
after a method of control has been established from the simpler model.

2.4

Selection of Time and Place For Thermal Vacuum Testing

NASA/JSC decided that the test would be performed at their
facility during July 1977. The decision to test at NA

2.5 Hypervelocity Impact Test Results

Meteoroid impact simulation tests at Texas A&M University were
cnncluded in December 1976. The test report is enclosed as Appendix A. The
wesults indicate that the ballistic equation described in Progress Report No, 1
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provides an accurate means for computing the depth of penatration of
hypervelocity projectiles in Teflon transport tubing material. This equa-
tion has been used as a basis for determining the tube wall thickness
required for survival in the near earth micrometeoroid environment.
Therefore, no design changes are required as a result of the Texas ASM
study.

3.0 PROGRESS ON MAJOR END ITEMS
The Flexible Radiator thermsl vacuum test at NASA/JSC has
been rescheduled for July 1977. The revised Flexible Radiator development

program 1s given in Figure 1. The design phase of the program is essen=-

tially complete. Work is in progress in the fabrication and test rlanning
phases,

L.o WORK SCHEDULED DURING THE NEXT REPORTING PERIOD

Work will coutinue in the fabrication and test planning
phases of the program as shown in Figure 1.
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MONTHLY PROGRESS REPORT KO, 8
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTFM

1.0 OVERALL PROGRESS

Work during the elghth reporting period has been concentrated on
the fabrication and test planning rhases of the flexible radiator development
Program and addresses the following Bubjects,

1. Silver/Inconel coating of fin material
2. Computer math models for pre-tesf predictions
3. Design of Table for l-g deployment of radiator

b, Freliminary test sequence and requirements 1igt
2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS

2,1 Silver/Inconel Coating of Fin Meterial
=204 of Fin Meterial

Sheldahil Advanced Products Divieion is upgrading their vacuum de-
position facilities 80 that they will be able to coat the flexible radiator
fin material in s continuous section, Previocusly they have hed the capa-~
bilities to coat L' x 8¢ sheets, but have not been able to vacuum deposit
silver/inconel on continuous rolls of material, This is significant because
it will remove the requirement for having to cut the banel into sections to
apply the coating, and subsequently to reconnect it to form 30! lengths,

2.2 Comguter Math Model

Two SINDA thermal math models are being prepared to perform
pra-test predictions for the flexible radiator thermal vacuum test, The
flivat model is designed to expedite the development of a method for control-
1iag the fluia cutlet temperature by regulating the extsnt of deployment of
the rauintop panel. It models a typical flow path rather than s bank of
rarallel flow passages, It accounts for fluida lag time in the manifolds and
elso models the thermal interactions between adjacent elements of the radiator
panel as the radiator ig rolled or unrolled from the deployment drum, This
model will be employed to test candidate methods for controlling the system,
and will not require excessive computation time, The second computer model
being developed is much more complex, ang simulates thermal interactions such
as the heat transfer between adjacent tubes which are not accounted for in
the firat model, It will be employed to make the final pre-test predictions
after a method of control hag been established from the simpler model,

2.3 Desigg of Table for -8 Degloxgent of Radiator

Preliminary aketches weare prepared for fabricating a deployment
table to be ugsed in thermal vacuum testa at NASA/JSC., fThe tabie will be
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fabricated by HASA~JSC. Ambient deployment tests will be conducted at
Yought on an existing table to confirm the deaign principles of the new
table prior to fabrication. The existing table is unsuitable for the thermal
vacuum tests, Ambient tests will also be performed with the new table at
NASA prior to thermal vacuum testing. Cok

2.k Pregaration for Thermal Vacuum Testing

A preliminary list of instrumentation and NASA-SESL support equip-
ment requirements was prepared and submitted to NASA-JSC. A preliminary
test sequence which describes a recommended approach for measuring the
flexible radiator performance is enclosed in Appendix A. Analysis pertaining
to the optimm spacing and power requirements for IR lamps is given in Appendix
B. A detailed test schedule which includes the dates that all test documenta-
tion will be submitted to NASA JSC is being prepared by M, L. Fleming,

3.0 PROGRESS MAJOR END ITEMS

The design phase of the program is essentially complete, Work is
in progress in the fabrication and test planning pheases.

4,0 WORK PLANNED DURING THE NEXT REPORTING FERIOD

Work will continue in the fabrication and test planning phases.
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A.

22 Feb 1977
APPENDIX = A

PRELIMINARY FLEXIBLE RADIATOR TEST SEQUENCE

GOLAR AND INFRARED EWVIRONMENT, T = O°F

C.

1.
2,
3.
.
3
6.

13.
1k,
15.
16,
17.
18.

19.
20.
2l.
22,

23.
2k,
25,
26.
27,
28,
29,
30.

Measure o , & ., “t |
Deployment, T . = 100°F, W = 176 #/nr }
Steady State Heat Rejection, Tp. = 200°F, Tgyum ® 4o°F, W = 176 #/nr !

Environment Calibration, W = O, TIN = 0°F ‘

Flow Stability Limit,T.. = 100°F, W = 176 #/hr N

Recovery From Flow Instability '

Retraction, Tiy = 100°F, W = 176 #/hr | r

Half Deployment, Tqy = 100°F, § = 88 #/hr ' '

Steady State Heat Rejection, Helf Deployed, Tiy ® 100°F, Tgyo
= 88 #/hr

Flow Stability Limit , Tr. = 100°F, Half Deployed

Recovery From Flow Instdbility, Half Deployed

Retrection, T, = 100 °r, W = 88 f#/hr

Steady State Heat Rejection, Retracted, T, = 100 °F, Ty ™ 4o°F,

W= 10 #/br g

m® 200°F, W = k0O #/hr

Steady State Heat Rejection, T m " 200°F, TOUT

Flow Stability Limit, Tyy * 200°F, W= 400 #/hr

Recovery From Flow Inatdbility

Half Retraction, T.. = 200° F, W= 400 #/nr

Steady State Heat ReJection. Half Deployed, T,y = 200°F, Toyp

w = koo #/hr

Flow Stability Limit, Half Deployed, T

Recovery From Flow Instebility

m" 200°F, W = 200 #/hr

Steady State Hest Rejection, Retracted, Ty, = 200°F, Ty ™ 40°F,

w = 200 #/hr

Deployment, Tyy ™ 25°F, w v 176 #/hr

Outlet Temperature Control, W = 176 #/nr, T g ™ 100°F

Outlet Temperature Control, H.- Loo #/hr, T " 200°F

Solar Exposure, Ti 100°F, W = 176 #/hr

Steady State Heat Rejection, Try = 100°F, Tom = 4O°F, W= 176 #/nr

Steady State Heat Rejection, Tpy = 200°F, Tour = 40°F, 3 = LoO #/hr

Environment Celibration, W=0 , T

= Lo°F,

Deployment, T
= 40%F, W= 40O #/hr

= U0°F,
o
IN = 200°F

Retraction, T

N = o°F
Measure o« , &

#Transient response date to be obtalned during these test points.
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22 Feb 1977 -
PRELIMINARY FLEXIBLE RADIATOR TEST :
T BEQUENCE-CONTINUED ‘l
B, COLD ENVIRONMENT , T = -300°F J
Deployment, Ty, = lOOoF, W 450 #/nr . \L‘
Steady State Heat Rejection, T, = %OOOF, Tour = 40°F, W = 450 #/hr ]
Flow Stability Limit, T,y = 100°F, W = 50 #/hr
Recovery From Flow Instability (IR Lamps)
Retraction, T;y = 100°F, W = 450 #/hr
Half Deployment, T, = 100°F, W = 225 #/nr ‘
§teady State Heat RejJection, Half Deployed, TIN = lOOOF, TObT = hOoF, r

8.

9.
10.
1l.
12,
13.
1k,
15.
16.
7.

TR

"oy

19,
20.
21.
22,
i 23.

‘ 2k,
) f - 25.

! 26.
27.
28.

e -

W = 225 #/hr

Flow Stability Limit, TIN = 100°F, é = 225 #/ar, Half Deployed
Recovery From Flow Instability, Half Deployed (IR Lamps)
Retraction, T, = 100°F, W= 225 #/hr

Steady State Heat Rejection, Retracted, TIN our * 4o°F
Flow Stebility Limit, T.. = 100°F, Fully Retracted, Recovery
Deployment, T, * 200°F, W = 1000 1b/hr _
Steady State Heat Rejection, Ty = goo°c, Tour ® 40°F, W = 1000 1b/hr
Flov Stebility Limit, T, = 200°F, W = 1000 1b/hr

Recovery From Flow Instability

Half Retraction, Tp, = 200°F, W = 1000 1b/hr

Steady State Heat Rejection, T, = 200°F,
Flow Stability Limit, Half Deployed, T
Recovery From Flow Instability
Retraction, Ty, = 200°F, ¥ = 500 1b/hr
Steady State Heat Rejection, Retracted, TIN
Flow Stebility Limit, T . = 200°F, Retracted
Recovery From Flow Instability

m = 25°F, ¥ = 450 #/hr

Outlet Temperature Controlf ? = 450 #/hr. Trg = 50 = 100°F
Outlet Temperature Control} W = 1000 #/hr,.T_, = 75 = 200°F

Steady State leat Rejection, Deployed, T. = 200°F, TOUT = Lo°F

= 100°F, T

Toyp = 40°F, W = 500 #/nr

0
N ° 200°F

= 200°F, T... = 4O°F

ouT

Deployment, T

IN

#rpransient response data to be obtained during these test points,
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|
3 MONTHLY FROGRESS REPORT NO. 9
' DEVELOFMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM
1.0 OVERALL PROGRESS
; i
Work during the ninth reporting period haes been concentrated l

: ; on the fabrication and test plenning phases of the flexible radistor develop~
- ment program and addresses the following subjects. ,
: 1. Computer Math Models for Pre-Test Predictiocns }J
: 2. Preliminary Test Sequence and Requirements List |
2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS ' |
1 2.1 Computer Math Modsl |

Two SINDA thermal math models are being prepared to perform pre-test
predictions for the flexible radiator thermal vacuum test., The first model is
designed to expedite the development of a method for controlling the fluid
outlet temperature by regulating the extent of deployment of the radiator
pranel. It models a typical flow path rather than a bank of parallel flow pas-
sages, accounts for fluid lag time in the manifolds and also models the thermal
interactions between adjacent elements of the radistor panel as the radiator is
rolled or unrolled from the deployment drum. This model will be enployed to
test candidate methods for controlling the system, and will not require excessive
computation time. The second computer model being developed is much more complex,
and simulates thermal interactions such as the heat transfer between adjacent
tubes which are not accounted for in the first model. It will be employed to make

the finalppre-test predictions after a method of control has been established
from the simpler model.

2.2 Preperation for Thermel Vacuum Testing

: ' A preliminary list of instrumentation and NASA-SESL support equipment
; requirements was prepared and submitted to NASA-JSC. A detailed test schedule
5 to be submitted to NASA-JSC is being prepared by M, L, Fleming.

3.0 PROGRESS MAJOR END ITEMS

Work is in progress in the fabrication and test planning phases.

4.0 WORK PLANNED DURING THE NEXT REPORTING FERIOD

: Work will continue in the fabrication end test plenning phases.

e

|
|
. t
g
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MONTHLY PROGRE£SS REPORT NO. 10 :
4
.
1.0 OVERALL PROGRESS
Lo A
Work during the tenth reporting period has been concentrated on the fabri- N
cation und test planning phases of the flexible radiator development program and h?

addresses the following subjects: i
1. Flexible radiator panel element fabricaticn
2, Flexible radiator panel element thermalevacuum test
3. Solar absorptivity of the radiator fin material
k. Planning and Analysis of the prototype thermal-vacuum
test at NASA-JSC.
5. Submittal of Technical Paper

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS
2.1 Element Fabrication

An element test panel was fabricated to check out materials and manufacturing 1
techniques for the prototype radiator, No significant problems were encountered
in fabricating the element, and no scale up problems ere forecast for the prototype
panel. The element was assembled using a grooved vacuum tooling plate described
in earlier progress reports. Subsequently, the element panel was removed from the
plate and heated in a vacuum bag to cure the adhesive used to bond the two halves
of the fin material around the transport tubing. Thermocouples were installed
between the two layers of fin materials,

Some small problems were noted which can be avoided when fabricating the
prototype. When assembling the element, the half of radiator fin material which
is placed on top of the transport tubing and the opposing helf of the radiator held
in place by the grooved plate was pre-formedto provide grooves for the transport
tubing. However when the pre-formed hulf was placed in positioa it did not fit
properly over the tubing at the outside edges of the tooling plate,and had to
be reformed during assembly. This problem is believed to be caused by tolerance
buildup in the depth of the grooves in the tooling plate. %The grooves are
slightly deeper than required so that more fin material is required for the bottom
half of the radiator than for the top half, Further work with the element
showed that it is not necessary to pre-formthe entire top half of the radiator
penel. If the center of the panel is pre-formed the top helf can be aligned with
the bottom half using the center tubes, and the outside edges of the panel can then
be formed to fit as the system is assembled, This minimizes the wear of the fin
A-uil
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A second problem associated with wear during asaembly occurs when the fin
material 1s pressed too firmly egainst the sharp edges of the grooves of the

cooling plate, If this is done the fin stock is severed where it connects to the

transporv tubing and the thermal contact between the transport fluid and radiator
fin is lost. This occurred on one tube of the element over s distance of
approximately 2 inches. This is less than 0.1% of the area of the element
panel, A redesign of the rollers used to press the fin against the tubing is
required. Additional elements should be mede to check the new design before
attempting to produce the prototype radiator.

Because the element panel was not constrained during the adhesive cure
¢ycle the Teflou fin material shrank such that the arec of the panel waa reduced
by approximately 10%. This will not ocececur in the proteiype radiator because +he
panel will be secured to the aluminum tooling plate during the cure cycle,
However, shrinkage of the Teflon is a potential problem for applications of the
flexible radiator when the transpert fluid temperature is meintained at a high
i level for long periods of time, Additional data are required to determine whether
:: this problem will be significant for typical operating conditions,
%? The shrinkage of the Teflon did creste & minor problem in the fabrication
¥ of the element because the spacing of the transport tubing changed during
~ fabrication so that the tubing could not be easily attached to the rigid manifolds.
It was necessary to loosen the glue line connection between the tubing and
fin material for 0.75" sections at the ends of the element panel in order tgo
attach the tubing to the manifolds. This destroyed the thermal connections between

the tubing and the fin material st the ends of the panel (about 8.5% of the total
panel area.)

- -

The presence of the thermocouples between the layers of fin material does not

; : appear to cause any detrimentsl effects. However, the appearance of the radiator

- is improved 1if the thermocouple wire ig not permitted to cross the transport tubing.
There were no problems with leskage of transport fluid at the manifold

connectors, and the flow distribution within the parallel tubing network was

found to be uniform. The R.M,8 deviation from %he average flow for the
individual tubes was found to be less ti an 5 %.
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2.2 ¥lement, Tegt

Figure 1 shows the flexible radiator element as installed in the vacuum
teat chamber., The ihree tubes at the center of the panel are inatrumented with
thermocouples at the entrance, mid-plane, and exjt sections as shown in Figure 2.
Thermacouples were slso instelled a® the fin mid points between the three center
tubes to determine the thermal resistance between the fins and the tubes. The
inlet and outlet temperatures are mesa.ured with immersion thermocouples, and the
fluid tewperatur + drop across the element is determiried f1om delts connected
immersion thermoc:uples, The cold walls of the vacuum chanber are instrumented
at four lorations avwove, below, and at the sides of the test article. The
cold wall thermocopules are located at the mid points of the fins.

All teat article and facility data were recorded by hand on data sheets.
Reedouts of the pane). thermocouples were mede on a digital temperature indicator
capable of reading to 0,1°F. Readings from the delta connected thermocouples
measuring inlet and outlet temperatures were displeyed on a digital voltmeter
capable of reading to 0.001 mv. The tetiperature of an ice bath was recorded with
each data set to provide a real~time check of accuracy. A complete list of test
equipment is given in Table I.

Prior to installing the element in the test chamber, the flow in individual
tubes was measured by collecting water in open beakers, The flow distribution
measured for the vwenty five parallel tu.os of the element is given in Figure 3.

Thermal-vacuum test data were recorded for ialet temperatures of 1J0°F and
200°F over a range of flow raies in the laminar flow regime, The vacuum chember
cold walls were maintainea at approximately -300°F throughout the test.

Analysis of Environment

The chamber cold walls do nol ahsorb all of the radiation emitted from the
test article, but reflect part of it back on the panel. Pert of the reflected

radiation is sbsorbed by the element so that the net rate of heat rejection is
reduced,

The redinsity from the element ghovm in Figure L is;

Ty T &E) + 06 (1) -
when E, = blackbody emitted radiation (B;~?%Q)
. ) T
Gl = irradiation (BTU/hr.Ft©)
for the cold walls
J2 = ¢2E2 + PéGQ (&)
-3 A-13
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FLEXTBLE RADIATOR ELEMENT TEST ARTICLE

FIGURE 1
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The equations for irradiation are:

G = P .0, (3)
Gy = Faun91 * Fopp (8)
The net heat transfer from the element is:
(a/a), = 3, = 6, | (5)
Solving (l) - (5) simultanecusly gives:
(a/8), = €1%2(E; - Ep) (6)
P o¥2-2 = P1PaFo B
The approximate values for the view factors from the cold walls are:
F2-1 = .16
Fooo= .84
Thus, for a cold wall emissivity of 0.9, Eq. (6) reduces to:
(a/A); = 0.9875 E,(E, - E,) (1)

Eq. 7 shows that the heat rejection for the reflecting cold walls
environment is approximately 1.25% lower than would ocecur in deep space.
Analysgis of Data

The heat transfer from an element :I.n the radiator panel is:
da= pweer (1, 7.7y ax (8)
where:
f] = radiator fin efficiency
W = width of radiator fin
Tw = tube wall temperature
T = ambient temperature

& = effective emissivity (for two sided rediators & = 2€)
¥ = Stefan Boltzmann Constant

The tube wall temperature may be expressed in terms of the f1 ..1:1
temperature throu.gh

dq = (T-TW) dx (9)

Where R 18 the thermal resistance between the fluid and the base of
the radiator fin. Solving Eq. (9) for e

R
Tw =s(T-‘_,m) (10)
or

T = g [1 ‘i-ﬁé( + .. .]

From Eq. (9) the tem( ) may be shmm to be small
g4q.:a= (T s ) £4 ]

(11)

Tdx
Thus higher order tems may bg neglected in Eq. (11)
™ = ~Rdal_ (12)
-9
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Eq. (8) becomes : ( )
e Nwed (T 4T ) dX (13)
da I+ 4nrRwWEoT?

also, for conservation of energy:
dq a.wcpd‘r (14)
Combining Eqs. (13) and (1k),

. nNwegdx _ (\+4anler'r )dT (15)
wCp S (Tt-Td)
Integrating,
QAE"- Tat T (Touf"T"
wep 4T,In[ Tin=Te ) T.,;-l-T.,)] (26)

o [tan (B2) - ten (%2)]

+nw€c'R An (Tr“—::,l;%')
ot =

Equation (16) gives flow rate as & function of inlet and outlet temperature,
Figures 5 and 6 comperes the fluid temperature drop computed from Eq. 16 with
measured value obtained in the thermal-vacuum tect. The radiator parameters
employed in Eq. (16) to predict the radiator performance are:
= 0.95
2.47 Ft2
(2)(0.71) = 1.k2
0.0583
O.hb BTU/:L'bm - °F
2.29 hr - °F/BTU

Tey = -300°F
The measured temperature drop, and thus the heat rejection, is slightly lower
than predicted for the ideal case analysis above, Thgre are several small effects

g E M > D
O T

which collectively account for the discrepancy.
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The main ceuse is believed to be poor thermal connection between the
transport tubing and the fin material at the ends of the radiator panel, The
loose sections of fin material at the ends of the panel are significant because the
radiating surface area of the element is relatively small. If it is assumed that
there is no thermal connection at the ends of the radiator where the tubing was
loosened to meke connections with the manifolds, the heat rejection is reduced
by approximetely 8%. Variations in the silver wire mesh cross sectional
area and spacing could lower the heat rejection by as much as 2%. The
reflectivity of the vacuum chamber cold walls reduces the heat rejection by adout
1%, and the cold wall temperatures averaged about 20°F higher than
had been scheduled for the test. This would cause a 1% reductica in heat
rejection,

The dashed lines in Figures 5 and § show the predicted fluid temperature
drop when the worst case variations in panel construction and environment simulation
are teken into account. The measured heat rejection falls between the ideal and
worst case curves for all test points where the flow rate and fluid temperature
drop can be accurately measured.

Figures 7-16 compare the measured and predicted panel temperatures for each
test point. The agreement generally is within experimental error. The fin mid-
point temperatures at the inlet and outlet planes are lower than expected because
of the poor thermal connections between the fin and the tubing of these sections.

2.3 Solar Absorptivity of the Radiator Fin Material

The solar absorptivity of the silver backed Teflon {silver wire mesh
laminate was measured prior to fabricating the element test article. The
measured values generslly range from 0.1T7 to 0.25. This is considerably greater
then the value of 0.12 obtained for small sections of fin material tested
earlier. The silver/Inconel of the initial samples was applied in a bell jer
wherees the large sheets of material were couated on a roll-to-roll basis in a
larger vacuum chamber. The values of X measured for the large sheets will result
in poor radiator performance, and will also impact the scheduled thermal-—vacuum
tests of the prototype panel. Additionel studies will be made during the next
reporting period to determine the cause of the problem and to evaluate its
impact on the program.
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2.b Flanning and Analyeis for Thermal Vacuum Tests

A meeting was held at NASA-JSC on 29 April 1977 to discuss the radiator
test instrumentation, environment simulation, test time lines, and documentation
for the thermal vacuum test in ‘NASA Chamber B, A decision was made to simulate
the space environment with solar and IR lemps, IR lamps were selectad over

fluid controlled IR panels becausge:

1. Reflected radiation from IR panels cauges the environment
to chenge with the radiator operating conditions, and causes " :
the environment to be different for different locations on the : #
radiator panel, Reflected radiation from the solar lamps when the o i
radiator panel is partielly retracted also complicates the environ- -
went simulation. " i

2. The ends of the radiator panel extend out of the region of the test _ |
chamber covered by solar lamps. Therefore, to provide a uniform ‘
environment for the radiator, the IR flux must be increased in the
shaded areas. This is more conveniently done with IR lamps.

3. If IR lampe are used, the effective environment can be e
measured by stopping the flow of the transport fluid and measuring '
the equilibrium temperatures of the radiator panel,

4k, Transient conditions can be simulated more easily with lamps than
with panels, _

NASA has previously had some difficulty messuring the flux from IR lamps,
NASA/JSC will conduct a study to establish an accurate procedure
for calibrating the lamps., He will also optimize the spacing and power setting
of the lamps to insure that the emitted radiation hes sufficient uniformity and
correct wavelength,

Additional thermocouples will be installed on the rediator panel to measure
the equilibrium temperatures at representative locations in conjunction with
radiometers to calibrate the environment.

The test time line proposed in progress report No, 8 was reviewed and
additional test points were discussed for Q0°F equivalent sink temperatures
with no solar flux. This was done to test the performance of the radiator
vith warm environments while avoiding the probleme caused by non-uniformities
of the solar absorptivity of the fin material, A revised test time line will be
provided after the probiem with the solar absorptivity of the fin material
has been resolved,

Work in progress on test documents was slso reviewed and assignments were
made to individuals for writing sections of the test requirements document.
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Ben McOhee of NASA-JSC requested that we consider rescheduling the test for
July instead of September because of schedule problems of other programe requiring
the NASA Space Environment Simulation Facility. After discuassing the problems
with the fin material and delivery requirements for the deployment/ retraction
system it was agreed that we probably could not test in July .

2.3 Submittal of Technical Paper

A technical paper entitled "Flexible Deplcyadble -~ Retractable Space
Radiators" was submitted to the American Institute of Aeronautics and
Astronautics. The paper will be pregsented at the 12th Thermophysics Conference,
Albuguerque, New Mexico, June 27-29, 1977. Review copies of the paper were also
submitted to the NASA program monitor,

3.0 PROGRESS ON MAJOR END ITEM

Work 1s in progress in the fabrication and test planning phase. A problem
has developed because of the high solar absorptivity of the fin material which
impacts the testing phase of the program,

L,o WORK SCHEDULED DURING THE NEXT REPORTING PERIOD
A study will be initiated to determine the cause of the solar absorptivity
problem. Work will continue in the fabrication and test planning phase.

~25~
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MONTHLY PROGRESS REPORT NO. 11

Development of a Prbtotype Flexible Radiator System

1.0 Overall Progress

Work during the eleventh reporting period has been concentrated
on the fabrication and test planning phases of the flexible radiator develop-
ment program and addresses the following subjects:

1. Study of high solar absorptivity of radiator fin material.

2. Rescheduling of thermal vacuum test and re-allocation of
budget to correct the solar absorptivity problem.

3. Substitutfon of Coolanol 20 for Coolanol 15 transport fluid.
2.0 Progress on Individual Major Areas
2.1 Solar Absorptivity of Rad{ator Fin Material

The radiator fin material fabricated by Sheidahl Advanced Products
Division has higher solar absorptivity,« , than had been expected based
on element test data. Two rolls of material were fabricated. The basic
construction of the fin material is f1lustrated in Fig. 1. The measured
values of #A range from 0.18 in the light gold areas of Fig. 1 to 0.25
in the darker colored areas at the centers of the rolls. There is a small
area on one roll where« 1is 0.45. This compares to values of approximately
0.12 obtained for elements initially fabricated to check out manufacturing
processes. .
A sequence of tests were conducted to isolate the cause of the
prablem. The tests indicate that the increased solar absorptivity is due
to oxidation of the silver coating, To determine whether the transmittance
of the Teflon film is contributing to the problem, the silver/Inconel coating
was removed from a section of the fin material and the o« of the remaining
structured measured. The < measured for the stripped secifon is 0.03. This
mians that the silver/Inconel is the major absorbing element in the radiator
fin.

The color of the silver coating suggested that the silver is
oxidized. Thus tests were conducted to determine whether the oxidation
process 1s still in progress, and whether the oxygen is reaching the silver
through the Inconel layer shown in Fig. 1, or through the opposing Tefion/wire
mesh side of the fin material. Sections of the fin material were heated to
350°F to accelerate any reaction which would change the solar absorptivity.
The ff of most of the heated sections fncreased by a factor of two or more,
indicating that the reaction affecting the silver is still in progress. This
data is supported by unquantitized observations that the color of the fin
material had darkened after two months storage.
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Additional tests were made to determine whether the agent reacting
with the silver is internal to the fin material or is permeating through the
protective layers of Teflon and Inconel. Sections of fin material heated
in vacuum bags showed very little degradation. Also, when sections of Teflon ,
were glued to the Inconel side of the radiator fin to prevent air from
entering through the Inconel layer, the change in absorptivity occurring \
during heating was reduced markedly. This indicates that air permeating
through the Inconel side of the fin material is oxidizing the silver layer,

The Inconel side could not be completely isolated so that it is not possible

to determine from this test data above whether all of the oxygen enters through
the Inconel. However, other evidence indicates that this {s the case. Dilute

sulfuric acid applied to the Teflon side has no effect on the silver coating.*

Also, the initial elements of fin material for which the silver/Inconel layers

were applied in a bell jar did not degrade when exposed to the atmosphere.

Thus, the data indicates that the Inconel layer applied to'the
large sheets of fin material is inadequate. Since the Inconel applied to the
small element sections does prevent oxidation, there apparently is some
manufacturing scale-up problem which is responsible for the poor quality
of the large sheets of material. It is not clear whether the oroblem is in |
the facilities or the methods employed to coat the material. The vacuum
deposition facility was modified so that the radiator fin could be coated in
continuous sections, Therefore, there is a possibility that the facility
needs to be improved, or the process changed because of modifications to the
facility. Scanning electron micrographs of the fin material given in Fig. 2
show that the surface is much rougher than that of silver backed Teflon for
the Shuttle orbiter radiators. Because of the surface roughness, the thickness
of the Inconel layer may have to be increased. Sheldahl Advanced Products
Division is revicwing the problem and will make recommendations.

2.2 Program Re-direction

A meeting was held at NASA-JSC to discuss the problem of the high
solar absorptivity of the fin material and to decide how the work schedule
should be changed to minimize the impact of the problem on the fiexible radiator
development program. The meeting was attended by H. E. Battaglia, B. 0. French,
L. A. Trevino, W. E. E1lis, and W. W. Guy of NASA; M. L. Fleming, R. L. Cox,
and J. W. Leach of Vought. After the data on the fin matecriatl had been re-
viewed, the following decisions were made: :

(a) Continue with the present high absorptivity fin material
through fabrication of the full-scale test article and the
conduct of ambient deployment tests. Do not fully instrument
the panel for thermal vacuum tests, but only enough to resolve
certain thermocouple installation questions.

(b) Concurrent with the above effort, conduct tests and analyses
necessary to rectify the high absorptivity problem. At the
conclusion of ambient deployment testing refurbish the full
scale article with the revised/new flexible fin material.

(c) Slide the September 1977 thermal vacuum test to the next
available test window at the NASA/JSC Space Environment
Simulation Laboratory (May/June 1978).

*This same solution rapidly stripped the silver/Inconel when applied to the
opposite side,
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(d) Re-allocate the approximately $S0K of FY'77 effort asso-
clated with the September 1977 thermal vacuum test to
implementation of the Item (b) fin {mprovement and re-
furbishment.

(e) Modify the contract to provide the above redivection and
the additional funding necessary.

(f) NASA agreed to make some additional solar absorptivity
measurements on fin materials to be supplied by Vought.
There is some question that this salar reflectometer used
by Vought, a Gier Dunkle Instruments model MS-251, is
adequate for measuring the absorptivity of the flexible
fin material, NASA w?11 try to locate an {nstrument more
suitably designed for this application. There is no question
that the Gier Dunkle reflectometer is adequate for determining
that the fin material is severely degraded. However, more
accurate measurements may be needed to determine the 1imiting
values of the absorptivity for non-degraded materials and
for diagnosis of potential problems with proposed new designs.

A revised schedule is given in Fig. 3.
2.3 Substitution of Coolanol 20 for Coolanol 15 Transport Fluid

Mensanto is discontinuing production of Coolanol 15, the transport
fluld initially selected for use in flexible radiators. Therefore calcula-
tions were made to determine the required radiator size and operating limits
for Coolanol 20, the fluid Monsanto recommends as an alternate. Coolanol 20
is slightly more viscous than Coolanol 15 so that the weight penalty for
pumping power is increased by approximately 2 1b. per radfator panel. Also
the low temperature stable operating limit is increased by 10°F - 30°F as
shown in Fig. 4. The radiator design and operating characteristics for
Cootanol 20 are similar to those for Oronite FC-100 as described in Progress
Report No. 3. Materials compatibility tests are needed for each fluid before
making a final selection.

3.0 Progress on Major End Items

Work is in progress in the fabrication phase of the program. The
test phase has been rescheduled for May - June 1978.

4.0 Work Planned During the Next Reporting Period

A 6' radiator will be fabricated with radiator fin material for
ambient deployment tests. Work will begin on “he long 1ife radiator study.
Elements will be fabricated to demonstrate the fessibility of concepts and
processes for correcting the high solar-absorptivity problem of the current
design.

.
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MONTHLY PROGRESS REPORT NO. 12

Pevelopment of a Prototype Flexible Radiator Sys tem
]
| Y
; 1.0 Overall Progress i
= Work during the twelfth reporting period has been concentrated on
— the fabrication and long life study phases of the flexible radiator develop-
ment program and addresses the following subjects:
h a. Fusion bonding of radiator fin/tubing assembly ' r
i b. Aluminum foil/silver backed teflon design evaluation !
E c. Testing of inflation tubing :
!E- d. Presentation of technical paper at AIAA 12th Thermophysics |
| Conference 5
|
2.0 Progres: on Individual Major Areas }
2.1 Fusion Bonding of Flexible Radiator |

Small sections of flexible radiator fin material were fusion bonded
to FEP Teflon tubing to determine whether the two halves of the radfator could
be joined by this procedure without damaging the transport tubing. If this
is possible, the radiator fin material with the degraded silver coating might
ne reclaimed for use in fabricating the prototype panel.

Two methods were investigated for maintaining pressure on the radiator
ranel assembly during the heat bonding process. One employs a heated platen
press and matchiug grooved plates as shown in Fig. 1. The radiator components
are held in position by the grooved plates while heat and pressure are applied
through the press. Air is forced through the tubing so that the tube wall i
does not reach the melting point. Continuous sections of radiator are fabri-
cated by incrementally bonding adjacent 6" sections of material. The grooves
in one end of the plates are tapered so that the unbonded sections will slide
into position without folding or tearing. The ends of the plates extend outside
of the heated press so that the fin material at the edge of the plate is below
the melting point. This prevents the material from being stressed while in the
molten state, and provides a smooth transition between adjacent sections. The
fin materfal is heated to 550 + 5°F under a pressure of approximately 25 psi.

The afr flow is regulated so tRat the outlet temperature is approximately 300°F.

BRI L

Sections of radiator approximately 6 inch wide by 18 inch in length
were fabricated by this procedure without major problems. A few areas were
observed in some of the samples where the silver wire mesh in the fin material
was severed at the base of the tubes. This apparently occurred when the fin
material was stretched and brought into contact with the sharp edges of the
grooves in the aluminum plates. However, this problem was corrected by placing
a buffer layer of Kapton between the aluminum plates and the radiator material.
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Larger 4' x 6' grooved aluminum plates are being machined and will be
employed to determine whether sections of sufficient size can be fusion bonded
to make fabrication of a prototype flexible radiator practical. In this case,
the prototype radiator could be produced from existing fin stock. The de-
graded silver/Inconel coating described in earlier progress reports was
stripped from representative sections of the fin stock with df lute sulfuric
acid, and fusion bonded so that the solar absorptivity could be determined.
Measurements with a Gier Dunkle solar reflectometer ranged from 0,07 to 0.08.
The coating can be removed without damaging the silver wire mesh, so that
the stripped material would be entirely satisfactory for fabricating the
prototype.

The second procedure investigated for fusion bonding the radiator
employs an autoclave and vacuum bags in place of the platen press to provide
pressure and heat. A description of the process developed and materials
required is given in Appendix A. A potentfal problem with this method occurs
because the tubing cannot be cooled during the bonding process. A tubing
material must be selected which has a higher melting point than the FEP Teflon
fin material. A small section was fabricated with PFA Teflon tubing. PFA
Teflon is very similar to FEP except that its melting point is approximatety
50°F higher. The small section was fabricated by heating the material to a
temperature between the melting points of FEP and PFA. The bond formed
between the tubing and fin material was found to be slightly stronger than is

- obtained by adhesive bonding, but not as strong as is possible with FEP tubing.

Samples of PFA tubing and cost quotes have been requested for addi-
tional testing. The autoclave process is attractive because it provides a
means for bonding the entire radiator at one time. However, because of the
materials delivery time required for PFA tubing and the potential of the
ptaten press method, the fusfion bonding work in the immediate future will
employ the platen press.

2.2 Aluminum Foil Fin Material

An aluminum foil/silver backed Teflon radiator fin construction
1s being investigated as an alternative to fusion bonding for producing the
prototype flexible radiator. This construction would have significant cost
advantages over the present design, and would use conventional silver backed
Teflon known to have stable optical properties. The aluminum foil provides
thermal conductance necessary for a high radiator fin efficiency, and a
smooth surface for attachment of the silver backed Teflon. This design has
not been given detailed consideration in the past because it was believed that
the aluminum foil would impact the deployment/retraction such that its size
and weight would be increased to impractical 1imits. However, preliminary tests
on small elements showed that the aluminum foil is stressed beyond the elastic
1imit the first time the radiator is stowed on the deployment drum. Then,
when the radiator is straightened, small wrinkles develop which greatly increase
the flexibility of the panel. The wrinkles are spaced approximately one eighth
inch apart and do not appear to seriously weaken the connection between the
tubing and fin material. Larger elements are being produced with 0.00035" and
0.001" aluminum foil. The stiffness of these elements will be measured and
compared with that of the silver wire mesh design. If the results are favorable,
an element should be fabricated and instrumented for thermal vacuum testing.
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2.3 Test of Inflation Tubing

The 6' inflation tubes fabricated by Sheldahl Advanced Products
Division were connected to the radfator mounting frame and deployment drum,
and inflated to check their operation prior to attaching them to the radiator
panel. Tests showed that the inflation tubes operated very smoothly and
required less than 1 pst gas pressure for deployment. There was no observable
imbalance 1n the system. The two tubes inflate and deflate at the same rate
such that the stowage drum remains perpendicular to the {nflatfon tubes during
deployment and retraction. A section of radiator is being fabricated from excess
fin materia) having poor optical pruperties to check the operatton of the
inflatfon tubing when attached to the radiator. If there are no praoblems with
the 6' tubing, 30' tubes will be purchased for the prototype radfator.

2.4 Presentation of Technical Paper

A technical paper describing the development of the flexible de-
ployable/retractable radiator system was presented at the AIAA 12th Thermophysics
Conference, Albuquerque, N.M. June 28, 1977,

3.0 Work End
Work is in progress in the fabrication phase of the program.
4.0 k_Planned D the Next R ting Period

A 6' radiator will be fusion bonded to check out manufacturing
processes for producing the prototype panel. Elements will also be produced
by adhesively bonding aluminum foil and silver backed Teflon as an alternative
to the fusfon bonding process. Additional tests will be conducted with 6'
inflation tubing prior to purchasing tubing for the prototype system. Work
under the long 14fe radiator study contract will be concentrated on heat pipes
and future mission requirements.

-4.
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MONTHLY PROGRESS REPORT NO. 13
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.0 Overal Progress

Work during the thirteenth reporting period has been concentrated
on the fabrication phase of the flexible radiator development program and
addresses the following subjects:

a) Fabrication and ambient deployment test of six foot length
radiator

b) Fabrication of aluminum foil/silver backed Teflon based
elements

2.0 Progress on Individual Major Areas
2.1 Fabrication and Ambient Deployment Test of Six Foot Length Radiator

A &' x 6' section of radiator was fabricated by adhesively bonding
two layers of silver wire mesh/Teflon fin material around FEP Teflon tubing
using a grooved vacuum tooling plate as shown in Fi?. 1. The radiator panel
was made to check out fabrication tooling and techniques, and was subsequently
used in ambient deployment tests of 6' length inflation tubing.

The following procedure was followed in fabricating the panel.

1) The bottom half of radfator fin material is positioned on the
grooved plate and pre-formed by pressing the material into the
grooves of the tooling plate using Teflon tubing.

2) Vacuum is applied to hold the fin material in position.

3) General Electric SR-585 adhesive is applied to the two mating
sections of fin material and tubing.

4) The tubing 1s placed in the grooves over fhe pre~-formed half of
fin material.

5) The top half of fin material is held by the edges and lowered
over the bottom half until the mating surfaces touch along the
radiator centerline.

6) The fin material is pressed together around the center tube
using a rolier. -

7) The top half is gradually lowered until the fin material can be
sequentially pressed together around the remaining tubes as

shown in Fig. 1.
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The element produced following this procedure was generally satis-
factory. The fin material tore where it connects to the tubing over about
1% of the radiator area. The bottom layer tore in several randomly located
areas from wear against the sharp edges of the grooves in the tooling plate,
and the top layer also tore occasionally next to the tubing as it was being
pressed into position by the notched roller.

Excessive tearing of the bottom layer can be prevented by
mintmizing the motfon of the material while 1t 1s in contact with the tooling
plate. When fabricating the 6' length element, the vacuum pump was turned
on and off several times. Each time new tears appeared. Thus, when the
prototype radiator is produced, work will be planned so that the vacuum pump
runs continuously. Also, a soft porous cloth will be placed between the
vacuum plate and radiator panel to reduce the stress caused by the sharp
edges of the grooves.

The top half apparently tears when the two sheets of fin material
are permitted to stick together near the mid-point of adjacent tubes before
the top layer has been pulled into positfon around the tubing by the roller.
When this happens, there is insufficient material available to cover the

-distance around the tubes. This occurs very seldomly, but when 1t does, a

tear several inches in Ienﬁth develops. The fin material has very little
resistance to tearing so that whenever it begins to separate, the tear
propagates readily. It is possible that the tears in the top half initiate

at sites where small flaws exist in the fin material. A narrow rolier was
made which pulls the top half of fin material around the tubing without
pressing it against the bottom half. After the narrow roller has been applied,
the wider roller shown in Fig. 1 is used to press the fin material together
betw?en the tubing. When carefully done, this procedure aives satisfactory
results.

Same wrinkles developed in the top half of fin material of the
elgTent which probably can be eliminated when producing the full s{zed
radiator.

The wrinkles occurred when excess matertal accumulated in localized
areas where the fin materfal had been stretched out of proportion, or was
improperly supported. The fin materfal has localized areas such as may be
seen near the technician's hand in Fig.1 where it appears to have been stretched.
Small wrinkles which may cover a length of 18" develop in these areas. The
wrinkles sometimes begin and end without reaching the edge of the radiator
panel. This problem can be minimized by carefully positioning the panel in
the supporting frame and by applyina force to the material in the lengthwise
direction as it is being pressed against the bottom half.

The ambient deployment test of the 6' element panel was entirely
satisfactory. The radiator deployed and retracted easily and had no tendancy
to malfunction. The radiator panel rolled up tightly and uniformly on the
deployment drum duriny retraction, and could be deployed with a gas pressure
less than 1 psig. The system of retraction springs and inflation tubing
was sufficiently well balanced that the deployment drum remained parpendicular
to the radiator panel throughout the deployment retraction cycle. Thus the
radiator could be repeatedly deployed and retracted without beconing dis-
orfented on the stowage drum. ,

-3
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‘foil has about half the thermal conductance of the silver wire mesh, and tears

Since the ambient deployment test of the six ft. radiator was
successful, go~ahead was given to Sheldahl Advanced Products Division to
fabricate the 30' tubing for the prototype radiator. Delivery is expected
during August 1977.

2.2 Fabricatfon of Aluminum Foi11/5i1ver Backed Teflon Elements . \:
6" x 14" elements were constructed from aluminum foil and silver T
backed Teflon as shown in Fig. 2. The silver backed Teflon tape s manufac- !

tured in 4" wide strips. To increase the strength of the panel, the elements

were constructed so that the opposing layers of tape over]aﬁ. The two halves

of fin material were produced first by adhesively bonding the strips of silver

backed Teflon to aluminum foil. The radiator panel elements were then assembled

using the grooved vacuum plate as described previously. This procedure proved

to be much better than that of applying silver backed Teflon tape to a radiator r
panel constructed of tubing and aluminum foil because the Teflon tape pre-

vented the aluminum foil from tearing during handling.

The appearance of the aluminum foil based elements is much better than
that of elements previously mede with silver wire mesh fin material, but the
aluminum foil elements are not as flexible.

Elements were constructed with .001" and .00035” thick aluminum foils.
The thickness of the silver backed Teflon tape is 0.005". The 0.00035" thick

very easily. It is difficult to form this thickness of foil around the radiator
tubing without tearing it. However, the radiator can be fabricated from the
.001" thick foil without difficulty, and the thermal conductance of the fin
material 1is about 50% greater than that of the silver wire mesh design.
Therefore, it is recommended that the .001" thick foil be used in future work

on this design.

Table I compares the measured and calculated stiffnesses of the
aluminum foil and silver wire mesh radiator designs. The measured stiffness
of the aluminum foil element is approximately twice that of the silver wire
mesh element, and about one fourth of the calculated value. The large
discrepancies between the measured and calculated values occur because the
calculated values assume elastic deformation of the fin and tubfng whereas
the actual deformations are outside the elastic range.

The measured stiffness of the aluminum foil panel is low enough
that 1t is practical to consider this design as a candidate for the prototype
system. Since the existing deployment/retraction system for the prototype
{s based on the calculated stiffness of the wire mesh design, no rework of the
deployment system would be required. An additional element {s being con-
structed with ,002" thick sflver backed Teflon to determine how the thickness
of the Teflon affects the stiffness.

It is recommended that & 2' x 2' element be constructed with the
best thickness of silver backed Teflon and thermal vacuum tested before
deciding on the final design of the prototype system. Also, additional
tests and development work should be conducted on the fusion bonded wire mesh
design described in Progress Report No. 12. Performance and cost data will
be prepared for the two concepts for making a final decision.

-4-
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TABLE I  STIFFNESS OF FLEXIBLE RADIATOR ELEMENTS

Bending Moment for 10" Drum (irch-1b/tube)

Radiator Panel Construction ~ Calculated Measured

Fusion Bonded Silver Wirg Mesh 0.235 0.16

.001" Al. Foil =.005" Teflon 1.042 0.28
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3.0 . Work_on Major End Items 7

‘ Work is in progress in the fabrication phase of the program. ’
4.0 Work Planned During the Next Reporting Period .

A 6' radiator will be fusfon bonded to check out manufacturing : 1

processes for producing the prototype panel. Additional elements will

also he produced with aluminum foil and silver backed Teflon. Concepts
shall be evaluated in the long 1ife study phase of the program.
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MONTHLY PROGRESS REPORT NO. 14

1.0 OVERALL PROGRESS
Work during the fourteenth reporting perir: has been concentrate
on the fabrication phase of the flexible radiator development program and
addresses the following subjects:
a) Fusion bonding of six foot length radiator with FEP
Teflon tubing.
b) Fusion bonding of two foot length radiator with PFA
Teflon tubing.

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS
2.1 Fusion Bonding of 4' x 6' Panel With FEP Teflon Tubing

An unsuyccessful attempt was made to fusion bond a 4' x 6' section
of radiator panel. The 4' x 6' section was bonded in a heated platen
press to determine the feastbility of producing the 4' x 25' prototype
by this procedure. Earlier, 0.5' x 2' sections of radiator had been
bonded successfully, as described in Progress Report No. 12, and tests werc
recormended with larger sections to determine whether problems would
develop which could not be predicted from the small scale test results.
The small sections were bonded by heating the radiator panel inside
matching grooved tooling plates to 550°F while cooling the transport
tubing with an internal flow of air.

For the larger sections, matching 4' x 6' grooved plates were
machined to hoid the radfator tubing in positfon while the fin material
s heated to the melting point. Manifolds were attached to one end of the
tubing so that air could be forced through the radiator to provide cooling
for the transport tubing. It is necessary to keep the tubing below the

melting point to prevent 1t from collapsing. Pressure and heat were applic
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to the radiator assembly through a resistance heated platen press as shown
in Fig. 1.

This attempt to fusion bond the radiator failed because the flow
distribution of the cooling air {n the parallel bank of radiator tubes
was non-uniform. This created an uneven temperature field so that parts
of the radiator became too hot while others did not reach the melting point.

Some non-uniformities in the air flow were anticipated, but not
of the magnitude ac’ually experienced. Manufacturing tolerances in the
tubing diameter’couid cause some of the tubes to have greater flow resistance
than others., Therefore, the diameters of individual tubes were measured
prior to heating. There was no apparent correlation of the flow distribution
with the tubing diameter. With pressure appiied by the press, the flow in
six of the tubes were noticably low prior to heating. When the pressure
was released, the flow was nearly uniform.

The restriction of the flow could have been caused by the tubing
not being seated properly in the grooves of the tooling plate, or by tension
in the fin material as it is pulled around the tubing by the tooling plate.
Extreme care was taken when preparing the radiator assembly for bonding
to prevent the press from interferring with the air flow. The ends of the
tooling plates were secured with pins and ciamps as shown in Fig. 2 to
prevent the tubing from becoming dislodged from the grooves of the plate.

A third removable clamp was placed across the center of the section to
minimize the relative motion of the plates during handling. Also, to insure
that the tubes were properly seated, the clamps were loosened slightly,

and the tubes pulled at the enus to make sure that they would slide freely
within the grooves of the plates. The radiator fin material was positioned
around the tubing using rollers to insure that sufficient material was

available to cover the entire surface of the tooling plates.

~2- A-1S6
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As the radiator was heated in the press, the flow in additional
tubes tegan to diminish. At a temperature of about 350°F there was no
a measurable air flow in about 25% of the tutes. With continued heating, the
}

temperature distribution within the press became increasingly uneven. The

, areas where the flow of air was greatest were about 150°F cooler than where
} the flow was stagnate. Five thermocouples were employed to measure the
temperatures of the panel and of the cooling air. The measured panel
temperatures ranged from 400°F to 550°F, while the exit temperature of the
i air reached 485°F. Before all of the panel could be heated to the temperature !
required for fusion bonding (540°F) a resistance heater burned out.in the
} press causing a local power failure which lasted several hours. Thus the
test was terminated at a point when part of the radiator had not reached
the fusion point.
A post-test examination of the radiator panel showed that the

tubing in the hot sections had completely collapsed while the underheated

e TR e Tw TR

| sections were unbonded.

There were several small areas where the radiator was stuck to
a Kapton fi1m which had been inserted between the radiator and tocling plates
to prevent them from becoming bonded together. This indfcates that these
areas had become much hotter than the sections which were instrumented.

It is possible that local hot spots on the heated press could have caused

some of the problems discussed above. Therefore, if additional attempts
are made with this approach, it is recommendd that the system be heated
very slowly to allow any transient temparature gradient to dissipate.
Approximately 1.5 hours were required to heat the system from 100°F to
550°F in this test. |

It {s also recommended that the tooling plates be made shorter

so that nonuniformicties in the air flow can be tolerated.
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Fanno flow calculations show that fo: shop air pressure, the mass

flow rate of air is only marginally adequate for the heating length of this

test. The shorter sections could also be prepared for bonding more easily

than the larger ones. and flow restrictions would be less likely. Ly
2.2 Fusion Bonding with PFA Teflon Tubing

A 6" x 20" section of radiator with PFA tubing was fusion bonded
successfully. PFA Teflon has a melting point between 575°F and 590°F
where the FEP fin material melts between 487°F and 540°F. Therefore the r
radiator assembly can be fusion bonded by heating it to a temperature
intermediate to the melting point of the two materials without having to
provide localized cooling as is required with FEP tubing. The bond formed
between the PFA tubing and the fin material is not as strong as is ob-
tained with FEP tubing, but is probably sufficient for the flexible
radiator application. The strength of the bond increases as the bonding
temperature approaches the fusion point of the PFA tubing, but the tubing
deforms if the bonding temperature is too high., The mct satisfactory resuits
were obtained at bonding temperatures between 570°F and 575°F. No
appreciable tubing deformation was noted at temperatures below 580°F.

Pressure was applied to the assembly by means of a vacuum bag,
and the system was heated 1n an autoclave. The radiator tubing was held
at the proper spacing as the panetl was befng assembled and transported to
the autoclave by maintaining a partial vacuum in the vacuum bag.

A larger section of radiator will be fabricated as soon as
additional PFA tubing can be purchased. 1If no problems develop, the pro-
totype radiator will be fabricated by this method.

3.0 WORK ON MAJOR END .TEMS

Work is in progress in the fabrication phase of the program.

-6-
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=" 4.0 WORK PLANNED DURING THE NEXT REPORTING PERIOD
Elements will be produced with aluminum foil and silver backed

Teflon for thermdl vacuum testing. Materials will be purchased for

- fabricating large elements by fusion bonding PFA tubing to FEP fin
materials. Ambient tests will be conducted with the 30' inflation tubes.
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1.0 Overall Progress

Work during the fifteenth reporting period has been concentrated
on the fab~ication and advanced radiator study phases of the flexibie
radiator development program and addresses the following subjects:

a) fabrication and testing of aluminum foil/silver Teflon -
based elements, r

b) fabrication and testing of a fusion bonded silver wire
mesh based elements,

¢) advanced long 1ife radiators study.

2.0 Progress on Individual Major Areas
2.1 Fabrication and Testing of Aluminum Foil/Silver Backed Teflon
tlements

Two 17.5" x 18" elements were constructed from aluminum foil
and silver backed Teflon, and tested in a vacuum enviromment for thermal
performance and structural! integrity. Table I summarizes the properties
of the two test articles. The elements were fabricated by first bonding
silver backed Teflon strips to sheets of aluminum foil to form a laminated
radiator fin, and then bonding opposing sheets of this laminate around
the transport tubing. The adhesive used to bond the radiator assembly
is General Electric SR-585 adhesive thinned with toluene at a ratioc of
1 part adhesive to 8 parts solvent. The element constructed from 2 mil
Teflon proved to be difficult to fabricate because the laminated fin
material tended to stretch and wrinkle, and was easily torn. No problems
were experienced in fabricating the 5 mil test article.

Figures 1 - 4 compare the theoretical and measured thermal
perfoirmances of the two elements. The measured temperature drop of the
transport fluid, which is proportional to the heat transfer, indicates
that both elements performed approximately as expected. The heat rejection
of the 5 mil Teflon element is slightly higher than predicted. This
probably indicates that the emissivity of the Teflon is slightly greater
than the minimum value claimed by the manufacturers.

The test articles partially delaminated as a result of exposure
to the vacuum environment. The delamination was not severe enough to
degrade the thermal performance, but couid be significant structuraily if
the panel were repeatediy deployed and retracted. Tt indicates outgassing
of solvents used to thin the adhesive or to clean the surfaces of the
aluminum f511 and Teflon prior to applying the adhesive, The adhesive
is the same as was used to fabricate earlier elements, and had been stored

Ay
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TABLE I  PROPERTIES OF ALUMINUM FOIL

BASED ELEMENTS

DESIGN VARIABLES

CiLVER BACKED TEFLON THICKNESS (INCH)

ALUMINUM FOIL THICKNESS (INCH)
NO. LAYERS TEFLON

NO. LAYERS ALUMINUM FOIL

WBE SPACING (INCH)

NO. OF TUBES

ADHESIVE

ELEMENT #)

.01
007

2

2

0.75
25
SR-585

ELEMENT #2

.005
001

2

2

0.75
25
SR-~585
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in a séaled container for approximately 1 year. The coated surfaces were
éxposed to the atmosphare o

vernight before being pressed together to
insure that the solvent would compietely evaporate.

A separate four square inch element was made f
of adhesive to determine whether aging of the ad

delamination problem. Also, the new adhes{

. The adhesive was applied
with cheese cloth, The alement showed no tendency to delaminate when
exposed to a vacuum, and a much stron

r bond resulted. The measured
thickness of the adhestive f{im §s .00 fnch. This ¢

ompares to a thickness
of .00025 tnch obtained with the 8:1 solvent to adhesive mixture,
2.2

Fabrication and Test of Fusion Bonded Elements

A fusion bonded 18" X 18" element with PFA tubing and screen
wire mesh fin material was fabricated and tested

. The element was bonded
together by heating it to 520°F S0 that the FEP Teflon ip the fin materia}
. Pressure was applied to the assesbly during
the bonding process by means of a vacuum bag, and the system was heated
in an autoclave, The radiator tubing was held at the proper spacing as
the panel was being assembled and

and transported to the autoclave by main-
taining a partial vacuum in the vacuum bag.

Thermal performance data for the fusion bonded element is pre~
sented in Figures 5 and 6. The therma! performance of the element is

excellent, and the tast article was not affected Structurally by exposure
to the vacuum environment..

2.3 Advanced Long L1ife Radtator Study

An advanced radiator concepts briefing was held at NASA-JSC on
10 November 1977, Ground rules and‘

utdelires for conducting the study
were agreed upon, and several long

fe radiator concepts were selected
for additfonal study and analysis. A Program plan and scheduie was
agreed upon. )

3.0 ork on Mator End Items

Work 1s in progress n the fabrication and advanced radiator
Study phases of the program,

0 Mork Planned in the Next Reporting ertoq

The prototype flexible radiator panel will be fabricated by
fusion bonding screen wire mesh fin materia) to PFA tubing. Work on the
advanced radtator study will include continuati

on of concept generation
and definition, concept screening, and trade studies,

A-1e9
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PROGRESS JEPORT NO. 16

1.0 OVERALL PROGRESS

Work during the 16th reporting period has been concentrated onm
the fabrication and advanced radiator study phases of the flexible radiator
development program and addresses the following subjects:

a) fusion bonding of the protctype panel,

b) flow aistridution calibration of the prototype
penel,

e} ultrasonic welding of the raaiator fin material,

d) long life radiator study, and

e) rublication of technlcal paper.

.0 PROGRESS. ON INDTVIDUAL MAJOR AREAS

2.1 Fusion Fonaing of The Prototxp_g Panel

The prototype panel was fabricated successfully by pre-positioning
the components a&s shown 4in Figure 1, and then heating the agsembly until the
FEP Teflon fin material melted. When the assembly was allowed to cool under
& pressure of 1 atm., a strong bond formed between the two layers of fin
meterial. A weaker bond is obtained between the fin material and the PFA
transport tubing, with the strength of the bond depending on the maximum
temperature experienced in the bonding process. The strongest bonds are
obtained for processing temperatures in excess of 600°F, However, the FFA
tubing haes very little strength et such temperatures, and tends to collapse,
epparently because of gravity or surface tension forces. Element tests
showed that an adequate bond is obtained without deformation of the transport
tubing if the processing tempersture is maintained at 570 + S°F.

When fabricating the prototype radiator, the seal of the vacwuum bag
was designed so that the ends of the transport tubes extended through the
vacuum bag, and were open to the atmosphere., This equalizes the internal
and external atmospheric pressure components, and prevents the vacuum bag
from tending to flatten the transport tubing. The temperature variations
acrose the panel were held within narrow 1imits by heating the oven slowly
80 that transient tempersture gradients are minimized, and by covering the
radistor panel with Beta cloth insulaticn to shield it from temperature
variations in the heated atmosphere of the cwen. The panel wes heated on a
lerge aluminum table which was insulated on the bottom side. The conductance
of the table thus tended to reduce eny remaining temperature gradients.

The temperature distribution across the radictor panel measured at
the hottest polnt of the bonding cycie 18 shown in Figure 2. The tempera-
tures were measured with Iro-~constantan thermmocouples placed inside the
transport tubes. The tresnsient temperature profile measured during the
bonding process is shown in Figure 3. This profile was obtained by initielly
setting the thermostats of the oven heaters at 550°F, and obaerving the
temperature distritution across the ranel as it approached equilibrium. The
thermostat settings of the individual oven heaters were then adjusted as re-
quired to achieve & uniform panel temperature of $70°F, The panel was bonded

i A-17%
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in Vought's oven No. 12, tuilding 22. This is a 5.5' x 5.5' x 33' oven

with 6 individually contrclled heated zones. The equilibrium temperatures
of the individual zomes are sutomatically controlled within 4+ 3°F, Howvever,
the transient responses of the individual heaters are significantly dirferent
80 that it is necessary to mamally adjust the control settings as described
above.

The radiator panel fabricated by this procedure is entirely satis-
factory for testing purposes. Very little shrinkage or distortion of the
transport tubing occurred, and a strong bond was cbtained, The transport
tubes are straight and evenly spaced, and the appesarance of the panel is
satisfactory. A few isoclated wrinkles developed when vacuum was applied prior
to heating the panel. The wrinkles occurred where the Teflon £1lm material
had been locally stretched prior to assembly and could not be rermanently re-
moved by releasing the vecuum and stralghtening the material. The wrinkles
recurred at approximately the same locations each time the vacuum was applied.

The stretching of the fin material probably occurred when the wire
mesh vas being embedded in the Teflon film., If additional panels are to be
fabricated by this process, the screen mesh and Teflon film should be fusion
bonded together at the same time that the fin meterial is bonded to the trans-
port tubing. In this case the Teflon film will not have been deformed prior
to assembly, and the cause of the wrinkles thus eliminated. Alsc, the screen
mesh will serve as a bleeder cloth and assist in the removal of air pockets
betvween the layers of fin material.

A second fabrication problem area which affects the appearance of
the radiator concerns the separation of the fin material fran the vacuum bag
subsequent to heating the assembly to bonding temperatires. Kapton was selected
as the material for the vacuum bag because it has adequate strength and does
not tend to bond to FEP Teflon at the temperatures required for this application,
Element tests on small radistor sections indicated that Keapton is an acceptable
vacuum bag material. However, when the prototype panel was fabricated, the
bond between the radiatnr and vacum bag was much stronger then hed cecurred
in the element tests. Apparently the additional time required to heat the
lerge prototype panel contributed to the strength of the bond. When the Kapton
vacuu bag was removed from the prototype radiator panel the surface of the
Teflon radiator fin was found to have a diffuse appearance. Also, in a few
small areas, the bond between the radiator fin and Kapton was so strong that
the fin material would tear away from the transport tubing before it would
separete from the Kapton. Liquid nitrogen was poured over small sections of
the radiator in areas vhere the bonA was exceptionally strong so that differences
in the thermal expansion coefficients of Kapton and Teflon would cause the two
layers to separate. In these sections the veacwum bag was easily remcved from
the radiator, and the panel surfece was left with a glossy finish. This pro-
cedure was followed only when it was considersd necesnsary to prevent the
redistor fin from tearing because of concern over weskening the joint between
the FEP Teflon radistor fin and the FFA Teflon transport tubing. However,
subsequent visual inspections of the sections vhere LR> was applied revealed
‘ no areas where the tubing had separated from the fin material. The areas vhere
v the fin material had been torn were repaired by locally heating the material
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Fast the melting point so that the torn surfaces fused together, This
produced a relatively neat joint which blends in with the rest of the
radiator panel and is un-noticeable when viewed from a short distance,

Additional studies and element tests should be conducted to
prevent this problem frem recurring in the future. Tt is Probable that

the Kapton f£ilm could be sprayed with a light silicone coating which would
prevent the molten Teflon from adhering to the vacuum bag.

The solar absorptivity of the radiator renel wes measured at
several locations with a Gier Dunkle optical reflectometer. All of the
measurements were made in areas where the Kapton vacuum bag had been peeled
evay from the radiator leaving a diffuse surface appearance, The measured
values of o ranged from a = ,055 to a = .078. Measurements could not be
made at interlor sections of the panel where the glossy surface areas were
obtained by removing the vacuum bag with LNo. However, it is not expected
that the a values would differ greatly from those of the diffuse areas.

2.2 Panel Flow Distribution Test

The flow distribution in the parallel tubes of the prototype
panel was determined by measuring the flow in esch individual tude. This
was done by flowing water into the inboard manifolds at a constant pressure,
and collecting the flow from individual tubes in glase beakers. The flowrates
were determined by weighing the water collectad during prescribed periods of
time. Figure 4 gives the pPercentage deviations from the mean flow rer tube
for the 50 transport tubes. The results generally show a consistent and
uniform flow distribution. Some of the scatter in the date is caused by water
being loat from the open beakers by splashing or by spillage when the beakers
were removed from the flow streeams, and some to measurement error. Approxi-
mately 50 grams of water were collected for each tube, and the estimated
measured error is + 1 gram., Thus, measurement error would account for errors
of the order of 2% whereas the RMS deviation measured for the 50 tubes is
only 3.1%. Thus the measured flow deviations could be attributed to experi-
mental error in most cases. It is significant that none of the tubes has a
noticeably low flow. This indicates that the tubes were not demeged during
the fusion bonding process.

The manifolds snd fittings were checked for leakage with Freon
leakx detectors and found to be lnek free. In addition, leakage rates were
nmeasured by pressurizing the panel with gaseous nitrogen and observing the
decay of pressure with time. This procedure is not entirely satisfactory
because the effects of the permeability of the transport tubing cannot be
accurately accounted for, but indicetes the presence or absence of grosg leeks
which might not have been discovered with the Freon lesk detector, The
pressure of the nitrogen ges entrapped in the manifolde and transport tubes
dropped from 100 psi to T4 psi in a 2h-hour period. The equation for premssure
decay due to the transport tubing Permeeblility is

&
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vhere: P = pressure of entrapped gas at time <
P, = embient pressure (1 atm)
Py = initial pressure (100 psei)
¥ = permeebility (380 cc/100 sq. inch/24 hr/stm/mil)
A = surface area (3534 1in2)
t = tube wall thickness (32 mil)
Vv = volume of entrapped gas (0.149 £t2)

Equation (1) predicts that the pressure of the entrapped nitrogen at the
end of a 2k hour period should be 64.5 psi. This corresponds to a slightly
larger leakage rate than was determined experimentally, and thus indicates
that there are no esizeable leaks at the menifolds or fittings.

An accurate indication of the radiator panel leskage rate could
be obtained by filling the radiator with the actual fluid to be employed in
spaceflight applications, and cbserving the fall of the meniscus in a trens-—
parent small diemeter fill tube over long periods of time, In thils way the
total fluid lose from tubing permesbility and leakage at the manifolds and
fittings could be readily determined. This measurement could probably be ;
convenlently made just prior to thermal vacuum testing. i

2.3 Wtrasonic Welding of Rediator Fin Material

Samples of flexible radiator fin material and transport tubing were
supplied to Branson Sonic Power Company so that their applications lab could
evaluate the feasibility of ueing ultrasonic welding in fabricating flexible
rediators. The 1lab looked at seversl methods for tack weldinag the fin matorial
together sc that 1t would hold the transport tubing in position. The remain-
der of the radiator would then be fusion bonded by heating in an oven. Their
report indicates that the radiator fin material cannot be ultrasonically welded
at the present state of technology. A copy of the Branson lab report is en-~
closed.

This methcd was investigated as an alternative to the present proce-
dure for fusion bonding the flexible radiator. It is not essential to the
febrication process. The Branson Compeny performed the study et their own
expense.

2.4 Long Life Radiator Study
A computer routine is being developed for conducting trade siudiee

and to optimize the dasigns of pumped fluid and heat pipe radifators for long
duration missions. The literature is being surveyed, and researchers and
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vendors are being contacted to obtain data on radiator system component

life limits and design constiraints. Materials were ordered for fabricating
demonetration hardware and for testing conceptuasl designes with expanded
metal fin materials, metal bellows materials, and stainless steel cross

flow tobes. A flexible meteoroid bumper has been designed for the long life
flexible radiator. Heat pipe radiator panels are being designed and tested
under Vought internal research and development funding.

2.5 Publication of Technical Paper

The technical paper, "Flexible Deployable-Retractable Space
Radiators” presented in June 1977 at the ATAA 12th Thermophysics Conference
was revised and submitted for publicstion in th: Heat Transfer Volume of
the 1978 AIAA Progress in Astronautics and Aercnautics Sertes. The Volume

will be published in Mey 1978.

3.0 WORK ON MAJOR END ITEMS

Work is in progress in the fabrication and advanced radiator study

rheses of the program.

k.0 WORK PLANNED IN THE NEXT REPORTING PERIOD

Inflation tubing will be attached to the prototyre radiator, and
embient deployment tests performed provided retraction springs are delivered
by the spring vendor. The delivery of the springs ie expected within the
next few days, but the exact date is uncertain. The spring vendor is aweiting

materials which have been shipped from Ohio.
life radiator study.

Work will continue on the long
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BRANSON

SONIC POWER COMPANY

January 17, 1978

Mr. Jim Leach

VOUGHT

1701 W. Marshaill

Grand Prairie, Texas 75050

Dear Mr. Vought:

Enclosed is Applicaticn Laboratory Report #1177-1382
regarding the samples you provided.

Unfortunately, the report indicates that this
particular application is not feasible for ultrasonics
at the present state of our technology.

Qur capaLilities are continually expanding, however,

and we may be able to satisfy such requirements in the
future.

We regret that we are unable to help you on this
occasion, but if you have other applications that you
feel may lend themselves to ultrasonic assembly, please
contact either our area Sales Engineer or Representative

Sincere

phine Bantz (Mr
es Administrat

JB/v1

cc: Chuck Newby
I. P. Newby & Associates
6211 Denton Drive
Box 35846
Dallas, Texas 75235
(214) 357-8354

Bill wWilson
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Eagle Road, Denbury, Connecticut- 06810 & subsidiary of Smith Riine & French Laboratories TWX 710456-0452 ° '

.BRANSON SONIC POWER COMPANY %‘%@n}, 200 7ak0rs0
APPLICATIONS LAB REPORT

CUSTOMER VISIT{ ) APPLICATION INQUIRY (x )

COMPANY Yought BSP# ——LABN.1127=12382
NAME —Jim leach REP, # DATE IN11/14/28ATE OUT1/11/78
TYPE OF REPORT:

ADDRESS  __1701 W, Marghall . PRINT REVIEW {9
CITYy 4 sTATE__Grand Pmairie, Texas 75050 - PART EVALUATION { X)
ITEMS tuhing and £ilm with wire soreen HORN TEST ()

THIS APPLICATION APPEARS TO BE: -

attached EXCELLENT ( } GOOD { ) FAIR { )

MATERIAL ._Teflon POOR ( ) NOTPOSSIBLE AT THISTIME ( X}  °

BASED ON SAMPLES SUBMITTED.
TYPE QF APPLICATION;

WELDING ( X ADHESIVE REACTIVATION ( ) SCAN WELDING { )
INSERTION ( ) SPOT WELDING ¢ OTHER t )
SWAGING | ) SEWING (x ) SPECIFY:
__ _STAKING () DEGATING ()
APPLICATION EVALUATION EQUIPMENT SET UP various
STAND MODEL POWER SUPPLY ACCESSORY BOOSTER -
HORN. -
PRESSURE (PSIG) _ FIXTURING
WELD TIME (SECONDS) HOLD TIME (SECONDS)
PART WAS CONTACTED WITH HORN: TOP ( ) BOTTOM( )  OTHER{ )
EQUIPMENT RECOMMENDATIONS: None at this time.
STAND MODEL POWER SUPPLY ACCESSORIES BOOSTER__
HORN____
FIXTURING

COMMENTS____requirements: To seal a wire Screen and film assembly around
. _fgeveral tube samples

_ MMM& n continuous processin and held
...... — - yYelders) were tested for procesping thisg ma:erigl. butigt this tir‘;ue
v go0d walds could B e film and tubing degraded
~-w— . before a wald could be formed.

o _"___j_mmt_tnn__mmmﬂmﬂi.umﬁmipnms_m:,s}E.:: ‘

e _-H,.mi.cnlar__npaugatimJ__.:.r_:.‘;._them_ -are_other applications that we
~-—_ay evaluate for you in the future, please contact ne.

e e —— e ——

A e | e e —————

HSM 100 Bag-074
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1.0 OVERALL PROGRESS

Work during the 1Tth reporting period has been concentrated on
the Advanced Radiator Study Fhase of the Flexible Radiator Development
Progrem, and addresses the following subjects:

a) Design of pumped fluid radiators for long
duration missions

b) Optimum subsystem module size for large
radiator systems -

¢) Manifold designs for heat pipe redistors

d) Demonstration redistor elements constructed
from expanded silver metal

e) Design of meteoroid shield for the long
life fiexible radistor menifolds

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS

2.1 Design of Pumped Fluid Radiators for Long Duration Missions

A computer model was prepared for the generalized Pumped fluid rediator
system shown in Figure 1 to determine the valuee of radiator parameters such
transport fluid Reynolds nunber, and fin
efficiency best suited for long life radistor systems. The program minimizes
a function of the radiator welght and area to optimigze radistor designs for
various mission durations ana subsystem survival probebilities, Jocumentation
oY the analysis shall be ccvered in an advanced radiator study repors,

2,2 Subsystem Size Optimization

Statistical analyses are being performed to determine the best way to
assezble large heat rejection systems from smal) subsystems. The analysis
determines the most probable loss of radiating w.¢a as a iunction of module
size angd survivability, and compares the overall weight of systems having

large numbers of modules to those having fewer numbers of more reliable sub-
systems,

2,3 Heat Pipe Rediator Manifold Designs

Several concepts for connecting heat pipe radiator panels to transport
fluld manifolds are being enalyzed for performance, weight, and manufacturability,
Radiator optimization computations will be performed for the more promising
menifolding concepts to compare the weight and performeance of heat pipe and
pumped fluld radiators. The analyses shall seek to determine the mission
epplications for which each type of radistor system ig best sulted,

A-18s
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2.4 Expended Metal Rediator Fin Elements

Smal) L" x L" gections of radiator fin were fabricated by fusion
‘bonding expanded silver metal to FEP Teflon film. Elements were fabricated
vwith two different expanded metal mesh dimensions. Table I glves datu for
the two elemonts. The element made with the 3AG5-6/0 expanded metal was
constracted from a sample supplied by Exmet Corp. The sample was tarnished
slightly when received, and was therefore subjected to a cleaning process
prior to bonding. An attempt was made to remove the tarnish from the sample
by immersing it in a 108 soluticn of sulfuric ecid. This procedure had pre- .
vicusly been employed to remove the silver coating from silver backed Teflon. g
However, in this case the acid did not clean the surface uniformly with ex- -
posure times for which the mesh would not be damaged. Several attempts were
then made to degrease the metsl by scrubbing it with MEK, Trichloroethylene,
and a detergent/water mixture. EHowever, the acid still would not completely

remove the tarmish. A 20% sclution of sulfuric acid also failed to clean the !
surfece adequately.

The Vought materials section is studying this problem, and will recom~ i
mend a procedure for cleaning silver screen and expanded metal,

The 5AGT-6/0 metal had a bright finish when received from Exmet Corp.,
but was also degreased and cleaned prior to bonding. The bonded element has
a vhite shinny appearance whereae the element which could not be cleaned has
& gold tint characteristic of oxidized silver. Both samples contained numerous :
emall derk spots which resulted from contamination trapped within the assenbly i
being charred during the bonding process. The particles are invisible prior -
to bonding, but ares easily detected after being heated to STO°F. Some of the
particles apparently are attracted to the Teflon film because of static charging .
whereas others are residual va the expanded metal following cleaning. After !
cbserving the particles on the first element, the laboratory technician wes !
extremely cereful when cleaning the Teflon and expanded metal before fusion '
bonding the second element. However, the dark spots still appeared on the
bonded element. Small pieces of cotton from the cloth used to polish the sur-
faces are a surprisingly large source of contemination. Residual oil or grease
left on the rough surface of the expanded metal becaguse of improper cleaning
also could be cbserved by close examination under a microscope., Additional
vork 1s needed to establish a cleaning procedure prior to fabricating the
long life flexible radiator.

The measured solar absorptivity of the samples is larger than had been
expected. The dark spots discussed above distract from the appearance of the
surface but are far oo spame to have an appreciable effect on the solar
absorptivity. The tarnished appearance of the first element probably accounts
for its high absorptivity. The high absorptivity of the second sample could
be caused by radiation entrapment in the cavities of the expanded matal, The
ratio of the depth to diameter of the cavities is gresater for this el:ment
than for the other fusion bonded surfaces tested in this work, and the trans-
missivity of the film is much lower. Calculations will be made to evaluate
the entrapment effect, and additional elements having only one layer of
expanded metal mesh shall be tested.
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2.5 Meteoroid Shield for The Long Life Flexible Radiator Manifolds

The meteoroid shield shown in Figure 2 was designed for protecting the
manifolds of the long life flexible radiator, The shield consists of Teflon
8leeves and stainless steel spherical sockets. When the manifolds bend for
stowage, the Teflon sleeves rotate without bending on the spherical sockets.
The design of the socket insures that the liquid transport lines are shielded
for all manifold orientatione, and the diameter of the sleeves is adequate
for unconstrained motion of the metal bellows.

3.0 WORK ON MAJOR END ITEMS

Work is in progress on the advanced radiator study phase of the progranm,
4,0 WORK PLANNED IN THE NEXT REPORTING PERIOD

Ambient deployment tests will be performed with the prototype flexible
radiator. Work will continue on the long life rediator study.
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TABLE I
PROPERTIES OF EXPANDED METAL ELEMENTS

T MESH DESIGNATION
- PROPERTY 3 AG 5-6/0 5_AG 1~6/0
T Mesh Thickness (inch) .003 .005
r Strand Width (inch) .005 .007
- Mesh Dimensions (inch) 022 x 031 022 x 031
SRR Number Openings/inch2 2600 2600
. Fraction of Area Open 0.520 0.372
| .. No. of Layers of Mesh 1 2
;5 Calowlated Transmissivity | 0.520 0.138
Measured Transmissivity 0.522 0.065
Measured Reflectivity 0.361 0.748
,‘ i Measured Solar Absorbtivity 0.117 0.187
F Equivalent Thickness SWDL .0026 0.0123
k ] Equivalent Thickness LWD? .0052 0.0244
| L
!
:

1 Conductance across short dimension of diamond equal to that
of aluminum fin of equivalent thickness,

. 2 Conductance across long dimension of diamond equal to that
! of aluminum fin of equivalent thickness, :
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STRAND

. Long way of the shamaid  measured from the
@ eonter of one juint to the center of the next

wD

j%m@

Joint, This dimension in governed by the iie
usced and never changes fur that die, In tine expanded metnal
thin id alweys parallel to the width of the coil.

8hort way of the diamond -— measured from

the center of one joint to the conter of the
mext joint. It will vary moderntely with any given die as the
strand width and degree of expansion are varied. The mesh
¢ount {opcnings per unit of length) decreases as expansion
Increasces and conversely. Fine expanided metal is manufactured
in coil form with this dimension running the lengthk of the coil.
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—

~

THICKNE 85

g, L demone b @ oo @ e
(size ) Mm,@ P - MIN. P AL NN, & MAL WIDTH
1 AT R o03° 025" o0 058 1

- " 280° 20 1251 68 - 003" 025" --—:m 055 as:- N
2 187" _E o .0-91- 20 - 00 | 0207 007 r 0o e
20k ot wr | as oo i 03 2"
3 1z:_ 050" 065" 300 . 00" 015° o o 18"
o B 10 oo o 20 ooy 00" o | 12"
v o e 6 002* o oy o 12"

5 oo o oao 1400 002" o0t u.oor o e ‘

80 .;;“ L o” cza 2600 o L oo 02 o09° 6 i
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HOW TO  Eumet's customers have found the following method of specifying fine expanded metal usetul
ORDER anit practicnl. [ts use is recommended for positive tdentification of requirements,

 for Exampla! ., 0 A8 WITTENAS:SMI7-4/0

" Thix Is'u t'ypiculnm;nmrvi:ll :apecll"t;nt;o;\. e th
e g ‘hen sen application regtticen moee specifie detaile, they
m““‘ «"% Y showld be indheateld, ns for examples
@'\‘ c}\"" - ‘&‘ r G0 erama 1 507 per squane inch { required weight)
S .\L “,o *,_0 . By 107 averall thick £ £ 0017) (required oversll thicknesa)
L *0\ ) c) anm-nlv;l tninterind to be soft)
e,

NOTE: Weight, aveiall thickness, steand widih and original metal thichness must be compatibie
for mesh des.znation and 10131 specihicabion  $ee erplanslions above tegarding chatl,
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1.9 OVERALL PROGRESES

Work during the 18th repori'.ing period has been concentrated on
the advanced radiator atudy phase of the Flexible Radiator Development
Program, and address the t_ollowins gubjects:

a) Optimization of heat pipe radiators,
b) designs of radiators with meteorcid bumpers,
¢) econtract review at NASA/JSC, and

d) ambient deployment tasts of the prototype radiator.

2.0 PROGRESS ON INDIVIDUAL MAJOR AHEAS
2.1 Heat Pipe Radiator Optimization

Analyses are being performed to determine the values of heat
pipe radiator design parameters that minimize weight and area. The
snalyses are concerned with the optimization of flow through heat exchanger
core in the manifolds, t'e size and spacing of the heat pipes, the thick-
ness of the radieting fin, and the gecmetric design of the radiator panel.

Documentation of the analysis shall be covered in an advanced radistor study
report.

2.2 Meteoroid Bumper Designs

A literature search was conducted to obtain equations for sizing
meteoroid bumpers for rediator tubing. An equation was selected based on
accuracy of prediction of depth of projectile penetration in laboratory
tests. Computer models were prepared for heat pipe and pumped fluid radistors
to determine the values of radiator parameters best suited for long duration

misaions. Rediator weight end ares are compared with corresponding designs
without meteoroid bumpers.

2.3 Contraet Review at NASA-JSC

Preliminary results of the long life redistor study analyses were
presented to NASA on 8 May 1978, NASA egreed with the study plan, and re-
quasted that Vought also look at large heat pipes in space radiators.

2.4 Ambient Deployment Tests of Prototype Radiator

Ambient deployment tests of the prototype radiator were guccessful,
The new retraction springs supplied by Spring Engineers are not completely
straight, but are much improved over the original springs which were rejected
by Vought. The new springs have a slight curvature which causes the radistor
to extend over the edge of the deployment drum during pert of the deployment/
retraction cycle, The lengths of the two springe can be adjusted so that the
edgee of the radiator coincide with the edges of the drum at the beginning
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and end of the cycle. At the mid-point, the edge of the radiator over~
laps one end of the drum by sbout two inches, This 1s not considered to
be a serious problem, but would affect the stowage volume required for

the retracted radiator. The pressure required to deploy the radiator is
leas than 2 pei.

3.0 WORK ON MAJOR END ITEMS

Work is in progress on the advanced radiator study phase of
the program,

b WORK PLANNED IN THE NEXT REPORTING PERIOD

Work will contizue or the long life radiator study. A final re-
port shall be submit.ed.
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1.0 OVERALL PROGRESB .1
Work during the 19th reporting period has been concentrated on the N 7

advanced radiator study phase of the Flexible Radistor Development Program, N

and addresses the following subjects: \

a) Redwndancy in Modular Build-up of Large
Redistor Systems

?) Quote for Development of Extended Life
Flexible Radiator

¢) Contract Extension

#
2.0 * PROGRESS ON INDIVIDUAL MAJCR AREAS ‘
2.1 Redundancy Calculations

)

System designs with multiple independent subsystems were studied to
determine how the total system weight and radiating area depends on the number
and survivability of the subsystems. The studies show that si gnificant weight
reductions arc possible in large systems if they are conetructed from indepen-
dent modules ond are oversized such that the system maintains full capacity
following the loss of one or more of the modules. High probabilities of mis-
sion success are possible.

2.2 Quote for Development of Extended Life Flexible Radiator

A cost quote was submitted to NASA for designing, febricating and |
testing an extended 1ife flexible radistor which would be applicable for mis- |
sion duraticns of 5 years or more. The prototype flexible radiator and extend-
ed life flexible radiator will be tested simultanecusly in 1979,

2.3 Flexible Radiator Contract Extension

A request for contract extension was submitted toO NASA in order to
maintain continuity between the current prototype development prcgram and the
fortheoming extended life radiator program which is expected to begin in
September 1978,

3.0 WORX ORK MAJOR END ITEMS ,
Work is in progress on the advanced radiator study phas: of the

program,

4,0 WORK PLANNED IN THE NEXT REPORTING FERIOD

Work will continue on the long life radiator study.
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1.0 OVERALL PROGRESS

Work during the 20th reporting period hag deen concentrated on
the advanced radiator study phase of the Flexible Radiator Development
Program and addresses the following subjects:

a) Documentation of Advanced Radiator Study

b) Fabrication of Extended Life Flexible
Radiator Element

2.0 WORK ON INDIVIDUAL MAJOR AREAS

2.1 Advanced Study Docvmentation

Documentation of the Advanced Radiator Study which includes weight
and radiating surface area trades of heat pipe and pumped fluid radiators,
and redundancy/reliability considerations was initiated.

2.2 Extended Life Flexible Radiator Element

A 6" x 12" element with metal bellows manifolds is being fabricated
t0 verify manufactuving techniques and to evaluate potential problem areas
prior to initieting the design of the full scale radiator. No problems were
experienced in fabricating the rediator panel. Meteoroid bumpers are being
machined for the manifolds.

3.0 WORK ON MAJOR END ITEMS

Work ie in progress on the advanced radisator study phase of the
program,

L.0 WORK PLANNED IN THE REXT REPORTING FERIOD

Work will continue on the long life radiator study.
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l.0 OVERALL PROGRESS

Work during the 21st reporting period has been concentrated on
fabrication and advanced radiator study phases of the Fiexible Radistor Develop-
ment Program, and addresses the following subjects:

(a) fina) assembly of the prototype radiater
(b) documentation of the advanced radiator study
2.0 WORK ON INDIVIDUAL MAJOR AREAS

2.1 Final Asgembly of Prototype Radiator

Teflon clamps for attaching the radiator fin material to the imboard
support frame and to the outboard deployment drum were machined in the
Vought SES Lab. The aluminum frame and deploymeni dimm were anodized, and the
radiator components were then sssembled for final inspection. The radiator will
be placed in storage until it is shipped to NASA for testing.

2.2 Advanced Study Documentation

Documentation of the Advanced ﬁadiator Study which includes weight
and radiating surface area trades of heat pipe and pumped fluid radiators,
and redundancy/reliability conaiderations was continued.

3.0 WORK ON MAJOR END ITEMS

Work is in progress on the advenced radiator study phase of the
Program.
k,0 WORK PLANNED IN THE NEXT REPORTING PERIOD

Work will continue on the long life radiator study.
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1.0 QVERALL PROGRESS

Work during the 22nd reporting period has been concentrated on the
test planning and extended life radiator design phases of the Flexible Radiator
Development Program and addresses the following subjects:

a) solar degradation testing of the prototype radiator,

b) thermal design of extended life flexible radiator, and

¢} documentation of advanced radiator study.

2.0 WORK ON INDIVIDUAL MAJOR AREAS
2.1 Solar Degradation Test of the Prototype Panel

A one-week sclar degradation test of the prototype rediator panel in
NASA Chember B is bPeing planned for the week beginning 12 Noverber 1978. The
panel has been instrwmented with 24 thermocouples and shipped to NASA for testing.
Plens for a test table and analysis of measurement error effects ware also sub=
mitted to NASA.

2.2 Thermal Design of Extended Life Redistor

The meanifolds of the extended 1ife radiator are being designed for flow
distribution, pressure retention, end flexibility. Analyses are also being
performed to determins optimum tube dlameters and spacing. Requests for gquotes
for materials are being prepared besed on the results of the thermal analyses.

2.3 Advanced Radistor Study Documentation

Documentation of the Advenced Radiator Study which included weight and
radieting surface trades of heat pipe and pumped fluid rediators, and redundsacy/
reliadility coneiderations contianues.
3.0 WORK ON MAJOR END ITEMS

Work is in progrese on the advanced radiator study and extended life
radiator development phases of the progran.

4.0 WORK PLANNED IN THE NEXT REPORTING FERIOD

Work will continue on the advenced radiator study and extended life
rediator development phases. :
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1.0 OVERALL_ PROGRESS

Work during the 23rd reporting period has been concentrated on tho
test planning and extended life radiator design phases of the Flexible Radiator
Development Program end eddresses the following sudjects:

a) solar degradation testing of the prototype radiator,

b) thermal and mechanical design of extended 1ife flexible rediator, and
¢) documentation of sdvanced radistor study.

2.0 WORK ON INDIVIDUAL MAJOR AREAS

2.1 Solar Degradation Test of the Prototm Panel

A cne-week solar degradation test of the prototype radiator panel in
NASA Chamber B is being planned for the week beginning 12 November 1978. The
panel has been instrumented with 24 thermocouples and shipped to NASA for testing.

Flans for a teat tadle and analysis of measurement error effects were also sube
mitted to NASA.

2.2 Thermal Design of Extended Life Radiator

The manifolds of the extended life radiator have been designed for
flow distribution, pressure retention, anad flexibility., Analyses were also per-
formed to determine optimum tube diameters and spacing. Requests for quotes for
materials are being prepared based on the resuits of the thermal analyses, Drawings
are being prepared for febricating the deployment/retraction mechanism.

2.3 Advanced Radiator Btudy Documentation

Documentation of the Advanced Radistor Study which included welight and

rediating surface trades of heat pipe and pumped fluid rediators, and redundancy/
reliability considerations continues. :

3.0 WORK ON MAJOR END ITEMS

Work is in progrese on the advanced radiator study and extended 1ife
radiator development phases of the program.

k.0 WORK PLANNED IN THE NEXT REFORTING PERIOD

Work will continue on the advanced radiator study and extended life
radiator development phases.
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1.0 OVERALL FPROGRESS

Work during the 24th reporting period has been concentrated on
the teating and extended life radiator design phasen of the Flexible Radiator
Development Program and addresses the following subjects:

a) solar degradation testing of the prototype radiator,

b) denign of extended life flexible radiator, and

¢) documentation of advanced radiator study.

2.0 WORK ON INDIVIDUAL MAJOR AREAS
2.1 Sclar Degradation Test of the Prototyve Panel

A one~week solar degradation test of the prototype radiator panel
was conducted in NASA Chamber B. Preliminary analyses of the data indicates
the rediator performed as expected with no measureble degradation caused by
solar exposure., Optical property measurements for sample radiator fin materiel
exposed during the test also indicate no degradation occurred. Vought is
preparing a quick look test report.

2.2 Design of Extended Life Radiator

Alternacives to the space deployable hoom deployment/retraction
system were studied. Boom suppliers were contacted to cbtain cost and per-
formance data. The cost of the booms could be substantial for flight
hardware. Also, the boom design depends on flight loads, radiator dimensions,
ete., that are mission dependent. Thue boom design changes could impect the
cost and scheduling of future sepplications of the flexible radiator system.

A strap drive system with self straightening manifold covere to provide
structural support for the deployed radiator is being considered. Alternatives
to the fluid swivels such as tubular springs, coiled flex hoses, and outboard
drums are also being investigated. A cdesign review is being planned with the
HASA to discuss the reaults of the design studies.

2.3 Advanced Radistor Study Documentation

Documentation of the Advanced Radiator S8tudy which includes weight
and radiating surface trades of heat pipe and pumped fluid radiastora, and
redundancy/reliebility considerations continues. A technicel paper based on
the study will be presented at the Ninth ‘ntersociety Conference on Environ-
mental Systeme; 16-19 July 1979; San Francisco, California.

3.0 WORK ON MAJOR END ITEMS

Work is in progress on the advanced radiator study and extended life
rediator development phases of the program.

h.,o WORK PLANNED IN THE NEXT REPORTING PERIOD

Work will continue on the advanced radiator study and extended life
radiator development pheses.
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1.0 OVERALL PROGRESH

Work during the 25th reporting period has been concentrated on the
test reporting and extended life radiator deaign phases of the Flexible Radiator
Development Program and addresges the following subjects:

&) solar degradation teating of the prototype radiator,

b) design of extended life flexible radiator, and

¢) documentation of advanced radiator atudy.

2.0 WORK ON INDIVIDUAL MAJ(™ AREAS

2,1 Solar Degradation Test of the Trototype Panel

A one=week solar degradaticn test of the prototype radiator panel was
conducted in NASA Chamber B. Preliminary analyses of the data indicates the
radiator performed as expected with no messursble degradation caused by sclar
exposure. Optlecal property measurements for sample radiator fin meteriel exposed
during the test also indicate no degradation occurred. Vought has sent NASA a
heand written final copy of the quick look test report. A typed, signed version
will follow in January 1979.

2.2 Design of Extended Life Radiator

Alternatives to the space deployable boom deployment/retraction system
wvere studied. Boom suppliers were contacted to obtain cost and performance data.
The coat of the booms could be substantial for flight hardware. Alsoc, the boom
design depends on flight lomds, radistor dimensions, ete., that are mission depen=-
dent. Thus boom design changes cculd Impact the cost and scheduling of future
applications of the flexible radiator system. A astrap drive system with self-
straightening manifold covers to provide structural support for the deployed
radiator is being considered. Alternatives to the fluid swivels such as tubular
springs, coiled flex hoses, and outboard drums are also being investigated. An
informal design review was conducted 22 December 1978 with Gary Rankin, the NASA
contract Technical Monitor, to dlscuss the results 15 date of the design studles.
A design review at NASA-~JSC is planned for January 1979.

2,3 Advenced Radistor Study Documentation

Documentation of the Advanced Radiator Study which includes welght ‘and
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/
reliability considerations continues. A technical paper based on the study will
be presented at the Ninth Intersoclety Conference on Environmental Systems; 16-19
July 1979; Sar Francisco, Californis.

3.0 WORK ON MAJOR END ITEMS

¥Work is in prugress on the advanced radiator study and extended life
radiator development phases of the program.

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD

Work will continue on the advanced radiator study and extended life
radiator development phases,
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TEXAS A&M UNIVERSITY

AEROSPACE ENGINEERING DEPARTMENT
COLLEGE STATION TEXAS 77843

January 17, 1977

Dr. James W. Leach : ’
Unit 2-53002

Vought Corporation

Marshall Street Facility

Dallas TX 75222

Dear Dr. Leach:

In accordance with the terms of your Purchase Order No. P-104433, I am
forwarding to you all data and reports acquired during the contract
pertod. I understand that your acceptance of this material will satisfy
the contractual obligations of the Texas A8M Research Foundatjon.

As you will recall this program was a very low level, best effort, attempt

to obtain meaningful penetration data on your materials. It is apparent that
a more significant program could and should be attempted whereby low tem-
perature effects could be investigated. I hope that in the future you will

be able to provide a research assistantship at the master's leve] for at least
a year to provide this needed information.

If you have any questions or if I can be of any further assistance to you,
please do not hesitate to contact me.

Yours truly,
o
ames L. Rand
Principal Investigator
Enclosure

cc: JoAnn Treat

and
L o %ﬁf-"
AN
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COLLEGE OF ENGINEERING ; TEACNING » AESEARCH « EXTENSION
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Hypervelocity Impact Experiments on
Materials for a Deployable Space Radiator

by: Gary R. Henry

Texas AMM University
December 1976
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ABSTRACT

Nylon and steel projectiles approximately .015g in weight were shot

L]

at Teflon sheets and polyurethane tubes. Velocities ranged from 1770 to

4480 M/sec. An attempt to assertain penetration depths and compare it to
an empirical equation already developed was made. Due to an insufficient
number of data points, no strict conclusion could be drawn but initial

indications show that for nylon velocity predictions may have been too high.
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FOREWORD

i1

This project was undertaken to provide hypervelocity impact data on

materials for which no firm data was available.

exist, but their accuracy and applicability is questionable until the

Many theories and equations

experimental stage is complete. This paper presents the results of some

of those experiments.

\

\l

At the same time, the author fulfilled the requirements for a sentor

level structures course in Aerospace Engineering at Texas A&M University.
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NOMENCLATURE

= thickness penetrated (cm)

; = percentage elongation of target materiaI

L

°m
¥

.

» mass density of sheet material (g[cm )
= mass density of meteoroid (glcms)'
= normal impact velocity (km/sec)

= meteroid diameter (cm)
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INTRODUCTION

Materoids encountered in space flight can cause considerable damage
to space vehicles. The total meteroid enyironment consists of a wide
variety of masses at various velocities originating from comets and
asteroids. 2s a result, damage to a structure may range from gradual
deterioration over a period of time tchatastrophic failure with one
strike. '

from a design standpoint, valuable information about hypervelocity
impacts can be obtained using particle acceleratdrs such as a light-gas
gun. Much work has been done in this field and many empirical eduations
developed to relate-penetration depths to target and projectile properties.
Some of these equations are combined results of several experiments to
attempt to develop a governing equation to the hypervelocity tmpact
problem. For materials of specific interest, the best results came from
actual tests on these materials.

The Vought Corporation of Dallas, Texas has a deployable space
radiator constructed of plastic materials (Teflon*and polyurethane). It
was desirable to obtain impact data for these matérials to study meteroid
effects. The hypervelocity research facility at Texas A&M University was
used to obtain this data. The data {s compared to an empirical equation
from another source. Teflon plates are the main focus of attention.

Observational data on water-filled polyurethane tubes is also presented.

* Teflon in this case refers to Dupont FEP {flourinated ethylene-propylene)

B-lo
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DESCRIPTION OF EXPERIMENTAL APPARATUS

The Light-Gas Gup

The 1ight-gas gun is shown in figure 1. Burning gun powder 1s used

L\

to drive a piston down the pump tube. The piston compresses the hydrogen

to high pressure. When the pressure is high enough, it bursts a diaphragm

and drives a projectile down the launch tube, into the evacuated flight tube.

The projectile impacts a target placed in the {mpact chamber which is also

evacuated. Reference 1 gives a more complete description of this gun.

Velocity Measurement
Velocity was measured by shooting through two screens of ballistic

paper. The screens were part of an electrical circuit shown in figure 2.
Breaking the screens breaks the circuit and results in voltage changes.
Each voltage change is input to a Hewlett-Packard timer. The projectile
starts the timer when it b;eaks the first screen and stops it when it
breaks the second. Therefore, the time to cross a known distance can be
converted to velocity. The penetration of the ballistic papers has a

negligible effect on its velocity for the masses used in this program.

B-1
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|n ‘ . TEST PROCEDURE

All testing was accomplished in the same manner except for using \
] " two different types of projectiles. Cylindrical shaped projectiles h
' .made of nylon were used for most shots because they were easily fitted
in the base of the.1aunch tube. These projectiles weighed approximately
.014g, were .203cm in diameter and had a length to diameter ratio of 1.

Steel spheres weighing .016g and .152cm in diameter were also used hut

had to be encased in a sabot to be fired. ‘

The Teflon targets were 7.62cm x 7.62cm squares of various thicknesses

(.1524cm and .203cm}. The Teflon squares were made of .051cm layers.
They vere clamped on two sides and mounted in the impact chamber per-
pendicular to the projectile flight path as showa in figure 3A. The
water-filled polyurethane tubes were sealed on the ends with swagelok
fittings. Four of them were wired to a plate and mounted in the impact
chamber at an angel so that the projectile would have a better chance

of hitting them (figure 3B).

The impact chamber and flight tube were ‘evacuated to less than

£

0.1 psia.

=
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RESULTS

A survey of the literature revealed that there are many equations
to predict penetration depth but there are certain 1imits to thefr
Qsafulness. Much depends on the material properties of the target and
the projectile. _

Bjork (2) found that if the projectile and target were of the same
material, cratering would be approximately hemispherical. Goodier (3)
proﬁosed different theories to predict penetration, depending on the
behavior(deformation) of the projectile during {;pact. _

Many theories have been tested using metal projectiles and targets.
The data on testing of plastics is Timited which {s why this study was
undertaken. Rittenhouse (4) presented an equation developed empirically

to predict penetration in polyethylene. A form of the equation is given
below.

t 1.41/8 ,Pm1/2
g " 65 (q) (p—':-) (v )7/8

This equation will be used to compare with results of this program.
Sample calculations are contained in the appendix. .

Most of the shots were made using a cylindrical projectile ot nylon.
A total of fourteen shots were made at the Teflion specimens but due to

timer malfunctions, not all shots produced useful data.

Shot number 4 (see appendix) was the first shot to provide information

on the threshold of penetration for the TefTon sample. The target was
-203cm thick and this was also the projectile diameter so that (t/dm) = 1.
The measured velocity was 4480 m/sec. According to equation 1 (plotted

in figure 4), this s too slow for nylon to penetrate. However, it did

"penetrate all four layers.

Bl




BT

o

i”

g e
L ! .
IS PSS S

1
i

PN EEMPIN R—

b =t mba e

TN RREEI IS
e e P vl

=ty

[ DL PR,
§
V3

joooi

B PR

)
20 ,_ . o
i | o i
“n ._ ' _
af e -
i SPPNTN IV
v Ak iR S .”_.. i
i K _
il _ 3
I R n
G | ; M J
“ ﬂ_ T

papoplost |
1

| 2

v .a K WY O3 HISST B Ti03e TV '
N@Nn@@ SIHINT 01 X £ * HONI FHL OL G X o7 E¥0y |

- s m.ﬂ.. EETT S Y]

.




TR ] vesTT o

Shot number 5 provided the most valuable information during the
program, The target was the same as above. The nylon projectile weighed
.014g and had a velocity of 3900 m/sec. The Teflon was on the verge of
penetration. The backside of the target specimen was drawn out from the
1hpact but the material did not tear as in the previous shot. Oepth of
penetration would beoimpossib1e to determine due to the nature of the
damage. The thin targets of relatively high elongation used here tend to
extrude rather than crater. Therefore, penetration here means that a hole
was formed through the thickness of the sample. , Since penetration was
incipient for this shot, the penetration depth was taken to be the
thickness of the target. For this shot, (t/dm) was equal to 1. This
point is plotted in figure 4 at its measured velocity.

The projectile was slowed down for the sixth shot and it wéighed
.011g. The target was the same as before. At 3620 m/sec, the projectile
penetrated the first two layers of the target to give a penetration
depth of .102 cm {.04"). This makes the t/dm ratio equal to .5. This
shot is also compared to equation 1 in figure 4. '

The next series of shots were at .1524cm thick Teflon samples. All
resulted in penetration. The t/d; ratio was.75 (shots 7 through 13).

As predicted by equation 1, any projectile with a velocity less than 4300
m/sec should not have penetrated. But all were less and all did penetrate.

Shot number 14 illustrates the difference in projectile material. A
.016g steel sphere, 1524cm (.06") in diameter was shot at 1770 m/sec
at .203cm Teflon. This was the slowest shot but 1t did penetrate quite
easily. Equation 1 for steel is also plotted in figure 4, For (t/dm} of
.75, penetration was predicted for this shot.

The difference in projectile ﬁater1a1 appears in the projectile/target

density ratio in the Rittenhouse equations. Due to the differences in size

B-8
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and strength of the steel sphere and nylon projectile a correlation

in penétration is difficult to make. The mass of each was approximately
the same. The diameter of the steel sphere was .051cm (.02") less than
ihe nylon. Also, the impact of the steéT is approximately a point impact
while the nylon is more of a blunt body. As a speculation, 1t may be
that the steel sphere delivered less total momentum or energy to the
target but more per unit impact area.

After obtaining thicker targef samples of Teflon, a final series
of shots were made (shots 18 through 24). The dases where the projectile
penetrated all layers of the Teflon yielded no data. However, the cases
of partial penetration produced useful results. Measuring penetration as
stated before to find t, the penetration thickness/projectile diameter ratio
is plotted as shown in figure 4. They show close agreement to the
Rittenhouse equations.

A few shots were made using water filled polyurethane tubes. The
tubes had an outside diameter of .635 centimeters and an inside diameter
of .3175 centimeters. Swagelok'fittings were used to seal the ends.

The timer malfunctioned on all three shots but all produced breaks
in the tubes. The first two shots were with nylon projectiles, the
third with a .016g steel sphere. The breaks were small, pinhole breaks
and stopped by themselves. The water was not under pressure. The damage
to the tubes consisted of a chip of polyurethane being knocked away
wh1le_the projectile glanced off., The steel sphere went all of the way
through a tube, penetrating both walls and causing it to leak. Again it
left a small hole. It should be noted that the ¢phere impacted at an
oblique angle (figure 5) and did not glance off.
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RECOHMENDATIONS FOR FURTHER TESTING

From the differences in results of two dffferent projectiles studied
pere. 1t is recommended that several masses, shapes, and densities be
used for further study. |

For the Vought radiator ﬁateria]s. thicker Teflon samples are needed
to better study penetration depth. Véught also desires to cool down the
tubes and Teflon to -60°F to study temperature effects similar to the

space environment.
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CONCLUSIONS

More data has to be obtained before a true comparison can be made

with the Rittenhouse equation. Initially, it appears that this equation
mﬁy predict too high a velocity for penetration. This fllustrates the
hazards of attemptiné to apply informgtion from one test to another in
which conditions have been altered somewhat. With more data, an equation

applicable to Teflon can be developed. ' -, r

. B-22
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16 Y
| . SUMMARY OF TESTS ) b
1 : PROJECTILE \
SHOT DATE PROJECTILE WEIGHT TARGET VELOCITY REMARKS Ly
: (q) {M/sEC)
- 90 . ; ~ee- | Penetrated 1st 3 layers
] 1? 20-76 Nyton 012 T08' Taflon Tiner Malfunctionad
Penetrated all layers
w2 1023761 Myln | .22 """ | Timer Maltunctfoned
: - |Penetrated all layers
3. 110-23-76 | Nylon 014 . === | Timer Malfunctioned f
4 10-24-75 Nylon 014 ' 4480 Punctured all layers
Penetration threshold
5 10‘30'76 Ny'lon 014 P 3900 Good Data Point
6 10-30-76 Nyton 01 v 3630 Penetrated 1st 2 Layers
7 110-30-76 | Nylon 011 «06" Teflon | 4176 |Penetrated all layers
- .- | Penetrated all layers
8 |10-31-76 | Nylon -008 : - Timer Malfunctioned
; -e Penetrated all layers
§ 110-31-76 [ Nylon 008 77T | Timer Malfunctioned
10 10-31-76 | Nylon .010 3850 Penetrated all layers
. : N 11-3-76 Nylon .010 2890 Penetrated all layers
L‘ .
12 11-3176 Nylon .005 2410 Penetrated all layers
f 13 | 11-5-76 Nylon 010 W 2270  |Penetrated al) layers
: 14 11-6-76 Sgﬁ:ﬁ; .016 .08" Teflon 1770 Penetrated all layers
eeee - |Timer Malfunction
Timer Malfunction
16 11-20-76 Nylon 014 Tubing ———— Same Damage
17 (1120476 | greel 016 Tubing === [Penetrated botn walls
g 18 |12-15-76 | Nylon 012 -10" Teflon | 4460 [Penetrated first 3 layers
i 19 |12-15-76 Sgﬁgﬁl 016 1.18" Teflon | 1984 |Penetrated first 4 layers
. ’ " Steel
g 20 112-16-76 Sphere .016 12" Teflon 770 |Penetrated first 2 layers
?_ 21  |12-16-76 sgﬁgﬁ; 016 1.18" Teflon | 3060 |Pumetrated all layers
: 22 12-16-76 Nylon 0n 10" Teflon 3720 Penetrated all layers
. 23 |12-16-76 | Nylon .010 .18" Teflon | 3870  |Penetrated 1st 3 layers
[ " 28 [12-16-76 | Nylon 012 14" Teflon | 5862  |Penetrated Ist 4 Tayers
’ B-25




‘Sample Calculations

Using the Rittenhouse Equation .
p

1 .1/8 o 172 7/8 19/18 by
t = .65(_f (;;0 (Vm) (dm) -

€4 is % elongation of Teflon (350) _
P§ is the density of Teflcn, 2.14 b/cm3
m 1s the projectile density, .94 g/cm3 for nylon and 7.83 gm/cm3 for steel.

4

(dm)19/18 -~ (d

)
The equation can be written as follows:

1/8 1/2 7/8
£ T o
t

& t m

The ratio of target thickness/meteoroid diameter can he plotted as a
function of velocity.
If thickness penetrated is equal to the projectile diameter, we have !

9a 12 s

for nylon: 1 1/
V=65 () () (V)

V. = 6.08 k/sec ' [

e o
¢
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APTENDIX C

HEAT BONDING PROCESS EVALUATION
FROTOTYPE FLEXIBLE RANIATOR
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EVALUATIONS TO DETERMINE A PROCESS
FOR HEAT BONDING OF FLEXIBELE SPACE RADIATOR
PANELS BY AUTOCLAVE OR OVEN PROCESSING

In general, the heat bonding process to be used is an adaptation of the
normal laminating procedures used for rabricating epoxy/fiberglass laminates
for aerospace usage. The normal procedure consists of placing fiberglass
cloth preimprecnated with a heat curing epoxy resin (prepreg) on a flat platen
or contoured molding tool. The uncured prepreg layup is covered with a
nonadhering porous fabric, one or more layers of a porous breather or bleeder
material, such as fiberglass cloth, to allow entrained air or excess resin to
be bled off durine cure of the epoxy resin. This tayup is covered by a
non-porous plastic film (vacuum bag) such as high temperature resistant nylon
or silicone film. The vacuum bag is sealed to the platen or molding tool
with a pliable, adherent sealing compound. A special outlet connection is
instalied in the tool or the vacuum bag to allow a vacuum to be applied
between the vacuum bag and the tool to apply @ pressure on the enclosed layup.
Vacuum pressure is applied to properly seat the prepreg layup on the too:
and to hold it in position during handling from the layup area to the oven
or autoclave for final curing.

Required adaptations to the normal laminating process include provision
for bagging materials and sealing compounds suitable for temperatures as high
as 550°F (288°C) vhich are required for heat bonding. of FEP film materials.

A number of bagging and sealing materials have been evaluated by the
Engineering Materials Laboratory for heat bonding of Space Shuttle flexibie
heat radiator panels. A brief surmary and aiscussion of bagging and sealing
materials and heat bonding procedures tried to this date is given below.

1. Bagging matertal - 2 mi1 thick Kapton polymide film with 1/2 mil
FEP Teflon coating on each side. {1 mil is 0.001")

Sealing compound - commercial sealing compound #5147 supplied by
Schnee-Morehead Co. (a local producer of sealing compounds). )
Result - The sealing compound lost adhesion at about 490°F and
caused total loss of pressure on the test specimen. Test specimens
did not heat seal because no bonding pressure was exerted at the FEP
fusfon temperature. The cause of the loss in sealing could not be
determined since it could have been the loss of adhesion caused

by sealant degradation or melting of the FEP coating on the Kapton film.

2, Bagging material ~ FEP coated Kapton film as described above,
Sealin? compound - Dow Corning 30-121 one part silicone rubber
c

(: gil one material which cures by moisture absorbed from ambient
air).
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Result - The sealing compound was found to cure too slow when covered . J
by the bagging material. The test was discontinued when it was deter- ;
mined the sealing compound would not cure rapidly enough for practical ;
I.Ise. \

Bagging materfal - 1 1/2 mf) thick Kapton film coated with FEP on one
side only, - '

Sealing compound = Dow Corning 860 RTV two part silicone rubber.

Result - The viscosity of the sealing compound was too low to make an

acceptable seal because of excessive flow and squeezeout when vacuum

was applied to the layup. The test specimen did not have enough ;
pressure at the FEP Teflon fusion temperature to heat bond properly.

Bagging material - FEP coated Kapton film as described for Trial 1.
Sealing compound - Adhesive backed Teflon pressure sensitive tape.

Result - Vacuum bag had acceptable seal at room temperature., However,
seal was lost at approximately 450°F be.ause the adhesive on the Teflon
tape completly lost adhesion to the bag material. Test specimen did not
heat bond because of loss of bonding pressure.

Bagging material - Heavy duty aluminum foil (1/2 mi1 thick).
Sealing compound - Dow Corning 93-044 two-part sil{icone sealer.

Result - Sealing compound set up too soon (approx. one hour) to make

it acceptable for this application. Further work with this layup showed
the aluminum foil developed pinholes when the vacuum was applied to

the vacuum bag. No effort was made to complete the heat bonding cycle.

Bagging material -~ 2 mil thick aluminum foil

Sealing compound - Dow Corning 93-004 two-part silicone sealant (this

sealant is used to seal the titanium fire wall bulkhead on the 747
atrplane).

Result - The aluminum foil was found to tear badly when vacuum was applied
to the layup which caused complete loss in sealing. Inspection of the
sealing compound showed poor adhesion between the sealant and the aluminum

foil bag which probably would have caused loss of sealing even 1f the foil
had not torn.

Bagging material ~ 1 1/2 mi1 thick Kapton film coated with FEP on one
side only.

Sealing compound ~ Dow Corning 93-046 two~part sflicone adhesive/sealant.

Result - Some difficulty was encountered in mixing the extremely thick
sealant, however, a satisfac. .y mix was obtained which could be extruded
from a Semco sealant tube. ‘we layup was completed with no difficulty
and a good seal was maintaired during the heat seal holding period of
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520° to 540°F. A good test specimen was prepared with excellent heat : : J
sealing of the foil between the tubes. Inspection of the tubes in the

test specimen shoved considerable tube swelling and distortion which 4
apparently cannot be avoided with FEP tubing,

Conclusions:

1. Kapton film with no FEP coating appears to be the most satisfactory
bagging material.

2. Aluminum foil is unsuftable as a bagging material for the following
reasons:

a. Cannot see through the vacuum bag to verify the FEP tubes are
properly seated in the grooved mold.

b. Pinholes are easily formed under vacuum bag pressure when 1/2 mi?
thick foil {s used.

€. The 2 mil thick fofl tears too easily under vacuum bag pressure,

3. Dow Corning 93-046 two-part silicone adhesive/sealant is the best
bag sealing compound tried to this time, even though there is con-
siderable difficulty in mixing the extremely thick material.

4. The following sealing material candidates were found to be un-
acc$ptab1e as bag sealing materials for various reasons described
earlier. .

a. Dow Corning 30-121 one-part silicone adhesive
b. Dow Corning 860 two-part silicone rubber

€. Adhesive backed Teflon pressure sensitive tape
d. Dow Corning 93-044 two-part silicone sealant
e. Dow Corning 93-004 two-part silicone sealant
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APPENDIX D
INSTRUMENTATION ERROR ANALYSIS
FLEXIBLE RADIATOR SOLAR DEGRADATION TEST
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SUBJECT: Instrumentation for Flexible Radiator LUATE: 9 October i9/R
Solai Degradation Test at NASA-JSC

T0: J. G. Renkin

CC: R. L. Cox
R. J. French
J. A Oren

J. C. Utterback

FROM: J. W. Leach

At NASA's request, instrumentation calibration tests and test sequences
are outlined below for the forthcoming solar degradation test of the prototype
flexible radistor in NASA Chamber B. The test will measure the change in the
average value of solar absorptivity as a result of one week of vacuum/UV exposure.
The extent of surface property degradation will be determincd by measuring the
surface temperatures and the heat rejlected from the radiator &t the beginning and
end of the test. This is a difficult test because relatively large changes in
solar sbsorptivity ceuse only small changes in the measured variablea.

Vought will deliver the prototype flexible radiator to NASA instrumented
with 36 guage premium grede copper/constanten thermocouples. The signals from
the thermocouples will te monitored on NASA supplied recorders. Flowrate measure-~
mente will be made with NASA supplied metuers.

1. Sensitivity of Test Results to Measurement Errors
The heat rejected from the radistor surface is

q= J [eeon{T* - TA") - ag, JdA (1)

where € is the surface emissivity, a is the solar sbsorptivity, T is the tube
wal)l temperature, Tp is the smbient temperature, and qs is the incident solar
irradiation. The absorbed solar and infrared terms mey be combined to give un
effective environment temperature

Eccn'.l‘.l‘ = 25.'t'.'|'|'1‘ﬂh + aq, (2)

Accounting for the difference hetween the fluid and tube wall temperatures by
the resistance term R = 1/%Kp N, and integrating,

y Tow s Twr T -
% = ZAnéa-(Tm"Tw‘T;ﬁli q'-'ﬁ"’[(:‘:n+1'. (T‘.T—T’ )J

- +
c 2 Cte' (21 -tan ()1 4 20se0rr be(T70m,) 3
e
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The fluid outlet temperature is given by Cr,
R T U (%)
out in #Cp

Equations (2), (3), snd (4) mey be solved to determine the sensitivity of the

pesgured variebles to changes in the radigtor surface properties, and thug to

evaluate the effect of measurement errors on the determination of surface proe .
rty degradation. Table I compares values obtained from Equations (2) thru s

ﬁ) for an initial value of a = 0.1 and an example degraded value, a = 0,15.

TABLE I EFFECT OF o DEGRADATION ON HEAT REJECTION

T . T T

® m IN ouT q
a (°F) (LB/HR) (°F) (°FM) (IB/HR)
0.1 387 285 " 90 50 11,413
0.15 421 285 90 53.4 10,420

The teble shows that a 508 degradation in a changes the heat rejectiam by only
8.7%. BSince the change in solar absorptivity is to be determined by measuring
heat rejection, meaningful results can be chtained only if precise measurements
are made. Differences between the inlet and outlet temperatures must be measured
to within a few tenths of 1°F, and the flowrate to within 1%. Experience from
previous thermal-vacuum radietor tests indicates that this order of accuracy can
be cbtained only with the highest quality instrumentation, and that instrument
calibration tests prior to and following the thermal vacuum test are necessary.

2. Instrumentation Calibration Tests
The following calibration tests are recmnen&ad.

(a) Flowmeter Calibraticn Tests: Collect fluid fluwing through the
meter during a prescribed perlcd of time in an open container. Determine the
flowrate from the weight of the fluid taking account of the accuracy of the scales
and the timing device. Perform the calibration tests prior to and following the
vacuun tests.

(b) Thermocouple Calibratiom Tests: With the thermocoupler connected to
the recording device to be used in thermal vacuum testing, simultanecusly record
the signals from all imneraion thermocouples in constant temperature baths covering
the range of temperatures to be experienced in the thermel vacuum test. Calibrate
the thermocouples against a secondary standard. To checkout thermocouples located
on the radiator panel, cover the panel with an insulation blanket, and record
similtaneously the signale frac all thermocouples with no flow through the panel,
snd room smbient radiator environment conditions.

3. Test Sequence

With constant inlet temperature vary the flowrate to cover the maximum

D-3
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poseible range of outlet temperatures., This reduces the probability that
instrumentation errors from a single source will cbecure the test results.
Thermocouple errcrs are most significant at high flowrates where the difference
between the inlet end outlet temperatures are small. At low flowrates thermo-
couple errors are less significant, but flowmeters errors, which are proportional
to the full scale reading, are most important. By examining discrepancies be-
tween predicted and measured performance over the range of test conditioms, in-
strumentation effects can be separated from systematic type errors which are
indicative of radiator performence degradatiom.
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APPENDIX E
SOLAR DEGRADATION TEST QUICK LOOK REPORT




DESIGN INFORMAT |ON SEAREST . RELEASE o-s2042 ns

MODEL(S) AND RFF.

SOFT TUBE FLEXIBLE RADIATOR SOLAR EXPOSURE TEST,

PR, NO.

2-30320/8DIR-62

REY.

QUICK LOOK REPORT

WOt OR DO NUMBER

SYATEM

REF. 4.0, NUMEBER

3519 CA 1160

OATE

1/9/79

PAGE

1

or

| 20

FILL IN BLOCK BELOW FOR IN

FORMATION REQUEST

TO

[ LTI

FILL IN BLOCK BELOY FOR INFORMATION RELEASE
INREFLY TO OIN, NUMBER

t REQ. BY

SUe REL. TO anoum
R. L. Cox 2-51400
.’ AELASOMN: FREFPAREKD B DATK/ CHECKRD BY > '(% DATR
- st e T PR T
(Jvso vuey [Onase  [Jnemo [ T.A. otz;lﬁ-cu*’ soss - %rl RL. Oox'éw //!f!?‘f
T -
: R. J. French, M, Green, J, L, Williams, C, W. Hixon, J. L. Venn, J. C. Utterback i
3
' DESIGN INFORMATION:
INTRODUCTION

The "soft-tube" flexible/deploysble radiastor protetype was subjected to a solar ex-
posure test from 13 November to 17 November 1978 in Chamber B &t NASA-JSC., The purpose of
of this test was to evaluete possible degradation of the radiator optical properties or
construction technique due to solar radistion by meassuring:
: o Thermal performence of the radiator when ipnitially _exposed
1 to & deep space environment,

e Thermal performence when initially exposed to solar radia-
tion,
E e Thermal performance after exposure to solar radiation for
~ 100 hours, and

i o Thermal performance when exposed to a deep space environment

following solar exposure.

couples on the inlet and outlet fluid lines and manifolds.

The radiator was instrumented with 20 thermocouples on the radiator surface and 8 thermo-

The locations of these thermo-

4 couples are jllustrated in Figure 1.

Tvwo platinum resistance probes were used to measure

i __the inlet and outlet fluid temperatures.

In addition, & thermocouple wes atteached to the

screen wire on which the radiator was Ayiug and another was attached to the passive plate

located in the center of the floor. The radiator fluid was water from the NASA potable hot
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water supply. The inlet temperature of the water wes approximetely 113°F
and the flowrate through the radiator was held at 160 lb/hr. The water flow
schematic is illustrated in Figure 2.

The first deep space envirocnment test point was reached at 1500
on 13 November. The solar flux wes initiasted at 1530 and the first steady
state solar condition was reached at 2030 on 13 November. The solar flux
was terminated at 1600 on 17 November and the second deep space environment
test point was reeached at 2100 on the same dete.

DATA ANALYSIS
A FORTRAN computer program was written to process the measured
temperatures and calculate the effective soler absorptance of the radiator
et selected times. A listing of this program is included in Appendix A.
The average fin temperature of the radiator was calculated by
averaging the measured temperatures on the radiator fin surface,

20
2 (mb T A R 0 P
r, = | 4 (2 ) - *+Ts + Ty *Tg ) (1)

16

where TJ. — T2° ere the temparatures meesured by “he 20 radiutor thermc-
couples. The values measured by thermocouples 15 and 17 were not included

in the average because these thermocouples vere loc:a.te::l on tubes rather than
the fin material. Alsc, the values measured by thuermocouples 5 and 18 were
not included beceuse these thermocouplea were giving errcneous (off-scale)
readings. The equivalent structure temperature was calculated teking into
account mejor sources of emlited and reflected IR. These sources included
the solar module mirrors, the chamber floor, the chember walle and ceiling,
the passive circular floor plate, the wire table, the radiator inflation tubes,
the radiator drum, and the rectangular floor plate located under the rediator.
These sources have been nugbered and are illustrated in Flgure 3, The agquive-
lent structure temperature was calculated with the following equation,

T 4 b a3 Pe% '
Tom = [ L (gF, T°)+el "L F _ F _p ¢ —————2]
ST jm 1 R-17d RR,. R-11-R"i g (2)
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where the subscript R refers to the rediator. The equivalent sink tempera-
ture was calculated with the equation,

(3)

1+ (1=an)t
5/ R
where K, = P

The average tube temperature was then ¢alculated with the equation,

1
Tp = 5 [Tp + (X =1) Tg] (L)
U=t '
e 26 '8 -
vhere X T -1, end T S(Tyg + T q)

The total radiated heat was calculated with the equation,

Qup * Ke“'r'rh (5)

where K2 = 2 ARcRcr

The heat given up by the fluid loop wus calculated as,

Yrorp = MATgryrp) : (6)
The total ebsorbed heat was then calculated with the equaticnm,
e * map = Yprum (7)

The effective solar absorptance wes calculated by two different
metnods. Method A used the equation
. N
%ps = KaTgr
L¥g
where K, = EAReRa and K, = 1+ (1 - QS)TR]AH

Once o was catculated,this value was used to recalculate TST end '1‘5 end a

new value of a was then calculeted. This procedure was performed three times,
which was assumed to glve sufficient convergence of a, Method B used the value
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, of a calculated by Method A and equation (3) to calculate Tg. The heat by
i .. reJected by the radiator was then calculated witih the equaticn, .
A
lff
r
f where, .
| : ’
‘ | A-annnena(Ti-To)Ta
. =Ty T+ 13
B = 1/4 &n [(.r 7T, )(-——T—-)]

S |

: ' | ¢ = 1l/2[tan 1(—-—) -1 -l( o)]
Iy T

h_Th

, D = 2nc, SR T, M(—r—-r;
O

T, = inlet fluid temperature (T31)

| T, = outlet fluld tempecature (T,,)

Ts = ennvronmek sink 'bnpu-.iure.
8 = radiator tibe spacing

R = thermal resistance between the fluld and the radiatcr & _T?W

The effective solar sbsorptance is then the value of a (within some set limits)
such that the function F(a) = |Q - qmunl is minimized. Note that in contrast
to Method A which calculated the solar absorptance of the radiator based on the
measurud radiator fin temperatures, Method B calculated the abscrptance besed on
the messured fluid inlet and cutlet temperatureas and the calculated thermal
resistance between the transport fluid and the radistor surface.
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~ RESULTS

The measured temperatures and calculated parameters at reprosentative
times during the solar exposure are presented in Table 1. The values of solar
ahgorptance calculated by the two methods are ip close agreement for the tiues
presented ani very oniy slightly over the length of the solar exposure. The
difference between the Method B values of a at the beginning and end of the
golar exposure is less than 1%,

The meusured temperatures for the two deep space enviromments are
compared in Table 2, The temperatures at the two environments compare favorably i
and no difference in rediator performance is evident. \

Visual inspection of the radiator indicated no optical or mechanical
degradation due to the solar exposure.

CONCLUSTONS

Post test evaluation of the performance data indicate that nc measure-
eble degradation cf the radistor occurred during the 96.5 hovwrs of solar exposure.
Visugl inspection of the test article lndicates no cbservable change in the
phyaical appearance of the radiator.

-




TABLE | (o)
- . CLATE=11/13478  H=23 M= § 8= 9
" TG NO.  LIZATION o TEMP (F)
]
1 i INLET FIN 83.1
2 QUTLET FIN T 79,8
3 INLET FIN 87.0
& .. OUTLET FIN 72.6
5 IMLET FIN T xesns
& OUTLET FIN 7647
7. INLET FIN o 89,1
8 QUTLEY FIN 77 7 76.3 - -
] 9 INLET FIN 97.8
4% OUYLET FIN 77.0
11 INLET FIN T 96.9 o T
12 OUTLET FIN 7569
13 INLET FIN ) 91,7
14 OUTLET FIN T T 73,3 : CooTT Co
15 INLET TURE 102.9
f o 16 INLET FIN 96.0
i 17 TNLET TUaE I . 1 P T om o T
13 OUTLEY FIN neans
_ 19 INLET FIN 38,3
2l OUTLEY FIN ~ ~—7°7° 77 5646 oo T
21 INLET FLULID (LEFT) 112.7
_ _ 22 INLET FLUID (RIGHT)  112,7
23 OUTLET FLUID (LEFT R 76,8 77T Tt e
24 DUTLET FLUID (RIGHT) 77.4
_ _ 25 INLET MANIFOLD (LEFT) 109,9
. 26 QUTLET MANIFOLD (RIGHT) TPe6 = T T T e
27 JUT3CARD MANIFOLD (LEFT! 05,7
B ... . 2B JUTBOARD MANIFOLD (RIGHT} 1347
FLOOR PLATE - 1167 T T CTmm
3L TABLE WIRE 7841
PLATINUM PROBE INLET TEMP (F) = , 112%,.4
; , _ PLATINUM PRORE OUTLET TEMP (F) = 77.2
PLATINUM 2308E DELTA TEMP (F) = T 36.2 T CT
Avs FIN TEMP (F) = o ) 83,8
__ WATER FLOW RATE (L3/HR)} = 168.0
AVS  STRUCTURE TEMP (F) = ~146.7 o
FLUID HEAT REJ (BTU/ZHR) = 5792, -
_SOLAR FLUX (BTU/ZHR) = 468.5
TAVG TUBE TEMP (F) = T 85,2
TOTAL ABSORREY HEAT (3TU/HR) = 66489, 0
_ FIN EFFECTIVENESS = « 960
" TEMPERATURE RATIO = ° T T 984
SINK TEMPZRATURE (F) = o1
C TOTAL RADIATED MEAT (9TU/HRY = . 12281,0
Av6 SOLAR MDD WIRROR TEMP (F) = 87,1
AY5 LUNAR PLANE TEMP (F) = : 290 .2
Ave CHAMBER WALL ANG CEILING TiMP (F) = ~2G6,9
EFFECTIVE SO0LAR AQSORPTANCE (METHID &) = L1632

i EFFECTIvZ SOLAR ABSORP'ANCE (MFTHOT R) = ,L159
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TRBLE | (b}

PATE=11/15/738 Ha I 4=7f §=

TC NO.

PLAT LNUM PROBE
PLAT INUM PROBE OUTLET TEMP (F) =
PLATINUM PR0OBE

LOGATINY

CINLET FIY

OUfLET FIN
INLET FIN
OUTLES FIN
INLET FIN
OUTLEY FIM
INLET =T
OUTLE® FiN
INLET FIN
OUTLEY FIN

INLET FILY

OUTWES FIN
THLET FIN

"QUTLET FIN

INLET TuUAaE
INLET FIN
INLET Tuae™
QUTLE™ FINM
INLET FIN

" QUTLET FIN

INLET FLUID (LEFT)

INLET FLUID (RIGHT)

JUTLET FLULJ (LZFT)
JUTLET FLUII (RIGHT)
INLET MAMIFILO (LEFT)

DUTLET MANIFOLL (RIGHT)

OUT30ARD MANIFOLD (LEFT)

__OUT30ARD MANIFOLD (RIGHT)

" FLOOR OLATE
TABLE WIRE

INLET TIMP (F) =

DELTA TcHP (F) =

AvG FIN TEMP ({F) =

nATER FLOW RATZ

(L3/HR) =

AV3 STRUCTURE TIMP (F) =
FLUIU HEAT REJ (BTU/HR) =
SOLAR FLUX (BTU/HR) =

AvG TUBE TEMP (F) =

TUTAL ABSORBE]D HEAT

(3TU/AR) =

FIN dFFECTIVENE3S =
TEMPERATURE RATIO =
SINK TiMPERATURE (Fl =

TOTAL RACIATED 4CAT
SOLAR MO:

avs
Avs
AVG

CFFECTIVE SCLAR AHSORPTANCE
EFFECTIVE SOLAR ABSOROTANCE (METHON 8)

(BTU/HR) =
MIIROR TIMP (F) =

LUNAR PLANE TEMP (F) =
CHAMBER wALL AYJD CZILING TE™P

TEMD (F)

ALt
79.2
88,)
72,2

BETYYY N

770
89,"
764,72
37.5
7T€.5
6.6
TFR5
31.2
?3.7
142.9
646

ORI

FYYYYY

3.2
6742
113.0

112.3

??oi
77.6
11G.o
78.6
35,4
CTR S
111.8
8.2

14344
77

S 56.0

82,9
160, 0
=-118.0
5760.0
468.5
Ba.3
661041
*« 945

W 9L3
2.2
12370.1
865
“2GL,3

(F) = ~296.9
(MZ"HOD AD

«158
+159

n B




TABLE | ()

CATE=11/16/78 “Hz 3 M=3C S= ¢
TC NO. LOCATION , TEMP (F)
A INLET FIN - A2.8
2 OUTLET FIN 78,7
3 INLET FIN 86,7
L4 DUIWLET FIN ] 72.1
5 INLET FIN h ' T oesess
3 ODUTLET FIN 76, 4
7 INLET FIN CTE |
"8 T TUTOUTLEY PIN T T T 76,43
9 INLET FIN 9743
A5 QUFLET FIN = 75.8
11 INLET FIN T 98.5
12 JUTLET FIN 75.5
12 INLET FIN 91,7
14 OUTLET FIN - “72.9
15 INLET TuRE 193.3
.16 INLET FIN ) 97.3
‘7 INLET TU3F ~ S idr.s
16 OUTLET FIN sssns
13 _INLE! FIN 99,0
Zh OUTLET FIN = ’ 6647
i1 INLEY FLUID (LEFT) 112,32
22 INLET FLUID (RIGHT) 112.3
25 QUTLEY FLUID (LEFTY 7 "7 " 788
24 OUTLET FLUID (RIGHT) 76,5
25 INLET MANIFOLu (LEFT) 179.8
28 QUTLET MANEIFOLO (RIGHT) 77+
27 OUT30ARD MANIFQLD (LEFT) 95,10
.28 _OUT30ARD MANIFOLD (RIGHT) 93.6
29 "FLOOR PUATE 109,14 °
3u TABLE WIRE 78,3
PLATINUM PROBE INLET TEMP {F) = 112,7
PLATINUMY PROBE QUTLET “EMP (F) = 77.2
PLATINUM PROBE OELTA FeMP (F) = 6.5
AyG FIN TEMP (F) = R2,7
WATER FLOW RATE (LA/HR) = 160.0
AVG STRUCTURE TEMP (F) = I -119.1
FLUIO HEAT REJ (BTU/HR) = 5840,0
. SOLAR FLUX (BTU/HR) = 46845
AV3 TUBE TEMP (F) & - : a7.8
TATAL ABSORBED HEAT (3TU/HR) = 657,65
_FIN EFFECIIVENGSE a « 960
TEMPERATURE RATIOD 2 952
SINK TEMPERATURE (F) = kP
TOTAL RADTATED HEAT (3TU/HR) = 12513,5
AVG SOLAR 400 MIOROR TI9P (FY) = dbos?
AV5 LUNAR PLANE TEMP (F) = -294,3
AVl CHAMAER WALL AND C:zILING TSMP (FY 2 -29¢,9
EFFECTIVE SOLA? AQ3DRPTANCE (METHON A) = ,ip%
EFFECTIVE SOLAR ABSORPTAHCE (MCTHIN 3% 5,160

£-9



- - Ty

TABLE | (d4)

LATE=L1L/L7/74 Ha 1 4aI¢ Sz g
TG NO. LICATION . TEMP (F)
1 INLET FIN , 81.9 “
2 OUTLET FIN 78, ' *
3 INLET FIN 86.9
b, JUTLET FIN , N 7243 , )
5 INLET FIN se sy -
6 OUTLET FIN 76.%
7 INuET FIN 89,7
8 QUTLET FIN 758.2 T e s
9 INLET FIY 95, 4 ,
__ad QUTLET FIN_ ) . AL . .
11 INVIT FIN 95,7 T
1 QUTLET FIN 70,4
13 INLET FIN 9.8 o
14 QUTLET FIN 73,4 o T
36 INLET TuaE 132.0
e CIRLET _FIN e . 96 -
17 TNLET Tyar 100, % T T T
15 QUlLFT FIN rsens
15 INLET FIN ) 97.8 , B
25 JUTLET FIN 67.5
21 INCET FLUID (.EF") 112.3
.22 _ INLZT FLUID (RIGHT) 3130 ——— e
23 QUTLET FrLulo (LeF ) 7e b ' i
2u JUTLET FLULID (RIGHT) 76.5
85 . INLET MANIFOLD (LIFf™) 11046 P
26 OUTLET MANIFOLO (RIGHT) T7.4 T T e
27 OUT30AR3 MANIFOLD (LEFT) 95.1
.28 QUTBOKRQM"@NLFORQ_{?IGHY'n.~"_93-7
29 FLOOP PLATE ' 107, = Toees T
3t TASLS WIRE 78,3
PLATINUM PROBE INLET TEMP (F) = 113, 3
- -PLATINUM PROBE OUTLET TEMP (Fy = 76.8 e
PLATINUM PROBE OELTA TEMP (F) = 36.8
AVG FIN "cSMp (F) = 83.2
__WATE® FLOW RATE (L3/H0y = ... leb.0
AYG STRUCTURE TEMP (F) = -119,9 T
FLUID HEAT REJ (BTU/ZHR) = 5888,0
SOLAR FLUX (BTU/HR) = e .. 468,85
AV3 TURE TEM2 (F) = ; 87.1 i N
"OUAL AJTORHED HEAI (9iYsHI) = 556k, ?
FIN EFFECTIVENSSS = _ _+960
TEMPERATURE RATIO = +955
SINK TEMPERATURE (F) = 1.5
TOTAL RALIALES HFA™ (3TJ/HR) = 12u452,7
AvG SOLAR MOL MIFROR TEMP (F) = 7L.8
AvG LUNAK PLANE TEYP (7) = ~294,4

AvG CHAMAZER wALL AND CAILING TEMP (F) = =236,9
EFFECTIVE 30LAR ABSORPTANCE (METHON Ay = ,158
EFFECTIVE 301 AR ABSIRPTANCE (METHO™ 8) 2,457
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TABLE | (e)

ATE=11/17/78 4215 Ma C Sz § _ B
TC NO. LICATIIN _ TEMP (F)

1 INLET FIN B _ o 82.3

2 JUTLET FIN 784

3 INLET FIN 86,7

“ QUTLET FIN R £ Y

5 INLET FIN I Y S

6 OUTLET FIN 76.7

7 INLET FIN ) 89.5

8 QUTLEY FIN — ~ ~ =~ " PBels’

9 INLET FIN 97.n
14 _VMLQUTLET FIN Teay
al INLET FIN 96,8

12 UUTLET FIN 75.3

4 INLET FIN 91.3

14 QUTLET FIN TTr2.8T T T
15 INLET TU3E 102, 2

16 _ INLET FIN G7.4

17 IMLET ThRe 77 T T 10G.7

i OUTLET FIN ssses

19 INLET FIN 9d.8

25 JUTLET FIN T T BT.%

21 INLET FLUID (LEFT) 112.2

22 CINLET FLUID (RIGHT) S 112.3

23 DUTLET FLUID (LEFTY o 78.4

24 DUTLET FLUTIL (RIGHT) 76+5

26 INLET MANIFOLO (LEFTY  109.6

26 QUTLET MANIFOLD (RIGHT) B & Y S

27 OUTACARD MANIFOLD (LEFT) 9%.9

23 JUTQ0ARD MANIFOLD (RIGHT) 9344

29 FLOOR PLATE it.3 )
3 TA3LF WIRE 78.9
PLATINUM PROBE INLET “EMP (F) = 112.9
PLATINUM PROBE QUTLET TEMP (F) = 76,7
BLAG INUN PROBE JELTA TEMP (F) = 6.1
AV5 FIN TEMP (F) = 83.6
AATER FLOW RATZ (L3/HR) = 1e€0.0
Avs STRUCTURE TETMP (F) = -118.9
FLUID HEAY REJ (BTU/HR} = §776.0
SOLAR FLUX (BTU/HRY = 472.9
Avs TUBE TEMF (F) = o ” T Y A
TOTAL ASSIIRED HEAT (QTU/MR) = 6563745
FIN ZFFICTIVINESS = +960
“CMPEIATURE RATIO = I - 1.Y
SINK TLMPERATURE (F) =z 2.7
TOTAL RACIATED HIAT (ATU/HR) = . 12613,.5
AVS SOLAR MOu YMIRROR T:MP (F) = 76.6
tv5 LUNAR BLANS TEAP (FY = -294,7
AvG CHAMAER wALL AND CEILTNG TEMP {F) = =296.4

SFFEL/IVE SOLAR ABSORPTANCE (METHOUL AF = L1358
EFFEC".VE SOLAR ABSORP-ANCE (METHON B) = L1658
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TABLE 2

COMPARISON OF RADIATOR TEMPERATURES FOR
DEEP SPACE ENVIRONMENTS

TEMPERATURE (°F)

T/C NO. 11/13/78 11/17/18
_1500__ 2100
1 50.5 51.2
2 Ls. L Ls,2
3 L9.2 49.3
4 ».2 9.2
5 - -
é 9.2 9.1
7 61.% 62.1
8 40.0 Lo.6
9 61.9 €2.0
‘10 3.0 33.0
11 66.8 66.L
12 a.L 3.2
13 €9.8 69.7
14 26.9 2k.6
15 B1.4 81i.1
16 TL.T 72.1
17 93.7 83.5
18 - -
19 16.1 75.9
20 28.3 30.1
Kl ('rin) 113,2 113.1
2 (7,,) 50,0 " u9.8
8T e 1ID 63.2 63.3
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PROGRAM FLEX

" READ 110,UATE JHRaM,S

10

15

Th/lh 0PT=1 ROUND=+=#/ FTN h.64428 12/05,

PROGRAM FLEXCINPUT,OUTAPUT)
CO””ONIHAIN/TH,TFLR,7(32’.TWALL;TF,D?F’QS.ﬂKigETA'ﬂFL
DINENSION AL(3),Y(3)
TEFUN(TIV=(TIeub0a.)"%,
PEAD 100 ¢ RMus XKL o KK2 9 XK T4 XKL
IFIIMOLE D) Coquragg_ )
READ 1004 TMyTFLRyTHALLDTF
READ 100,0S+ALF,CHILETA
PEAD 100.7

TF=],
N0 10 I=1,2C
FathTFUNlTIIIl
TF=¢(TF= TFUN(I(B))-?FUH(T(tSIi-TFUN(T(iTIl-TFUNtfliﬂ))lfi&.i".ZS
'“6: .
00 15 J=1,3
TST=( 0B TEFUNITM) #, 42 TFUNITFLR) + .06 L* TFUMIT (29) ) ¢, 03S*TFUN( T(30)
1) +a b7 *TFUAITHALL) #4229 TFUN(TF) ¢4, 79EGPALF®AS) #4,25-060,
ISSITFUNLTST) +XK1*ALFEQT)y*4,25-460,
TIZ(TFeu6) +ICHI=4 e} *(TS+46041)/CHI=46D0,
OPADSXK2®ETA*TFUN(TT)
GFLZRMG*DTF T T T T T
QA3S=QRAD=QFL
ALF=(QAIS=XK3*TFUNITST) } 7 (XKL*QS)
AMAXzALF#.02 o ; .
AMINZALF =402 |
PEL= ¢ AMAX=AMIND*, 25 '

540
51

"YU 2FLALL3))

64

TOPRINT 2014K,T(K)

20

C2 50 I=1,3 |
ALCT) =AMINSFLOATCI)*DEL !
Y(Iy=sFCALCDYY L

CONT 1 IHUE R o ,
1SU3=ISLY) .
IFCE24%DEL) oLE+4002) GO TO 60 \
DEL=0EL*.5 e oot e . |
AL(2)=ALCISUB) \
Y(2r=Y(ISuUB) _
AL(1)=AL (23 =0EL
Y(i2FLAL (1))
AL(3)=AL(2) +DEL

GO T3 51
ALFS=zAL(ISUB)

PRINT 1’UATEQHR$"|S
PRINT 206

PO 20 Kz1l413e2

KP1izX+1

ARINT 208.KP1,T(KP1)
1=K

I=1¢2

ORINT 203,1,7(1)
I=1+4

P& INT 201,1,T(I)
[=1+1

SRINT 203,1,T(D)
I=zI+1

PRINT 202,I,7TU(T)

16



> IROGRAN FLEX 7a4/T4  OFT=1 ROUNI=e=®/ FTN 4,6¢428 12705
1
I21+1
PRINT 201,I.T(I) -
: IzTel
"A PRIMT 20c¢,I,T(D)
? Isled
3 PRIMT 27441, T (1)
j Isley
L PRINT 20541,T(I)
' I=T+1 ]
PRINT 236,1.T(I)
I=1+1
PRINT 207,1,T(D)
: Ist+1
2 PRINT 248,I,T(I)

_Isley
PRINT 2%49,I.7T(I)
I=zle}

BRINT 210,I.7T( T}
I=1+¢4
ORINT 211,I.T(tI)

CI=le)

PRINT 212,I.T(D
¥ I=T+¢1

) PRINTE 213,I,.T(D

. FRINT 214,T{(31)

PRINT 215,T(32)

PRINT 216,40TF

PRINT 217 ,TF

PRINT 218,++0

PRINT 219,T¢T

PRINT 220,3FL

PRINT 221,125

PRINT 223,77

FRINT 224 4,9A8%3

PRINT 225,5TA

PRINT 226,CHI

PRINT 227,73

PPINT 228,Q=A2

IRINT 229,T

PIINT 230G TFLR

PRINT 231,TwALL

PRINT 32,8.F

PRINT c324ALF3

GO TN §

9C) STOP ) _

1 FORMATIAHL /7 416X ¢ *DATES® ABGX 4 *HE*JAZ,* M2® AP, * S8 ,42})

100 FORMA® (4F15.0)

110 FORMATI(AALAR9A24A2) )

200 FORMATC/Z7//7410XK42*TC NQ» LOCATION® JA9X,*TEMP (F)*, /)

201 FORMATILIS X 125X *INLET FIN®,2iX4FS.1)

202 FORMATILLS5X,1245Xs*OUTLEY EIN';lQK»FS.i!

203 FORMATUILSXI2+5X s *INLET TURE® 19X F541)

2uw FORMATULLOXsI295Ks*INLET FLUID C(LEFT)I®*,11X4F6.1)

255_FORHA’II5XoIZ.5Xo'INLET_FLUID lRIGH’l‘;iU!(F5oil

206 FORMAT(L5X 1245, *QUTLET FLUID (LEFT)®,40%,F5,1)

2G7 FORMATC( 15X ,1246X 4 *0UiLEY FLUID (RIGHT)®*,9X4F5,1)

208 FORMATILSX,12,45X*INLET MANIFILD iLEFTlfiBXgFSoi!

- R T TR STy s e T
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A

..

renlEra a8

e B

LES

ARNGIRAM FLCX Tutls 0PT=1 ROUNNze=~%/ FTN 4.6+428

243 IORMATULG X, 125X, *0UTLET MANIFOLD (RIGHT) * 46X 4F5,1)
¢ld FORMAT{L1GX,I2+85X4*0UTH0ARD MANIFOLD (LEFT)®*,BX FR,1)
211 FIRMATE15X,1245X, *OUTAIARD MANIFOLD {RIGHT)®,tX,F5,1)
212 FORMATILGY,[245X¢*FLOOR PLATE*, 14X F5.1)

213 FORMATCLE X 1245X4*TAALE WIRE® 419Xy F5e1,77)

2ib FORMAT(15x,*PLATINUM PROSE INLET TE4P (F) =%,B%,F7.1)
215 FORMATIL5X, *PLATINUM PROAE OUTLET TEMP (F) x#,7X¢F7.1}
216 FCRMAT(L5X*PLATINUA PROBE DELTA TEMP (F) 8% ,8%,F7.1)
217 FORIMATLASX,*AVG FIN TENP (F) =%,21X,F7,1) ..

219 FOIMAT(15 X, *AATER FLOW RATE (LB/HR) =%,14%,F7.1}

d13 FIMAT(L5X,*AYG STRUCTURE TEMP (F) =#,16X,F7.1)

<20 FOQMAT(IEX.fEkUID HEAT_Q{J (BTU/HRY ='.1k!.F?.1!

221 FORMATILSX,*SOLAR FLUX (BTU/HR) =% ,18¥,F7.1) i
223 FUIMATILSX,*AJG TURE TEMP (F) =28, 20X9F701)

224 FORMATCL5X,*TOTAL ASSORBED HEAT (3TU/ZHR) =%,9X,F7.1)

225 FORVATILGX,*FIN EFFSCTIVENESS =%,23%,F7,3)

226 FuRMA™ (15X, *TEZMPERA, URE RATI0 =%,20X,F7. 1)

€27 FORMATLLEX,*SINK JEMPERATURE (F) 38,17X,F7.1)

229 FORMAT(1SX,*TOTAL RADIATED MEAT (BTUZHR) =%,9X.F7.1)
223 FOMATILSX,*AVG SOLAR MOD MIRROR TEMP (F) =%,8XsF7,1)
271 FCRYAT(LSXs*AV6 _LUNAR OLANE TEMP (F) =%,17X,F7.1)

231 FORMATL15X, *AVG CHAMAER] WALL ANL CEILING TEMP (F) =¢,FP.13 =~

232 FORMATULSX,*EFFECTIVS SOLAR ASSORPTANGE C(METHOD A) 8 4F5a3)
233 FOMAT(LSX, *ZFFECTIVE SNLAR A3ISORPTANLCE (METHOO 8) =%,F6,7)
END

I0LIS ®ZFERENIE AP (R=2)

s OEF LINE | REFEREWCES. e
! ) S
ST B 71 RELOGATION -

2EAL ARRAY REFS 3 B 1 35

42 DEFINED 29 35

 REAL, U e REFS 47 19 25

CEFINED 8 24 ’ ’

3 REAL REFS 100 DEFINED 62
: REAL _ e e eee ... . REFS 27 DEFINF 2%
v REAL REFS 27 29 NEFINED
RE AL REFS 2%2¢0 93 DEFINED

t REAL S _ .. REFS 43 DEFINED 10
2E AL REFS 29 a3 k1

DEFINFD 27 34

ATAL MAIN PEFS 2 22 Ab

L AL MAIN REFS 2 21 a2

RE AL REFS 43 DEFINEN 10
INTEGER o . PEFS 13 - 2%23 2%3;5
S4 255 56 2¢57
l 62 2%63 Bl 2%65
76 2%71 12 2+*73
78 2%79 80 2*n1

53 52 54 56

l A6 58 70 72

l 18 £-9
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37
26

2¢
8

37

REFINF
DEFINE
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LHOLTLON F 74/ APT=1 ROINS=e-es FTN 4.60428 12705

FUNCT 1949 FALF)

COMMON/ PAEN/THTFLR, TU32) s THALL 4TF yOTF 425 o XK1 o ETA, OFL

FUN{ L= (TIenbD,)*%y )

TSTa (R IERIFINITAY ¢, W 2P TFUNITFLR)I ¢4 36L*TFUNCTI29)) 0, G36*TFUN{T(10)
1) eeu? *TEUNITHALL) #0298 TRUN(TF ) +4, 7T9EEPALF*QS) #%,26-460,
T312* (1) ¢hol,

V3237 (32 sty

TS2(TFUNITST) +XKL SALF®*1T1 8¢, 25

A=1,4562E-78ZTASQIF*TSe#3

2,2G%0L0G(LT 51 =~TS)*(TI2 +T3)/((T31 +TISI®(T32 =~TE)))
CR6R (ATANITIL /Z1S)=ATAN(TI2 /7S))

£=2,4272=1.%8, A'T“"S‘QLOG(('11"k-fb"kl/!’32"%-'8"&3)
N2A/ (5= +J)

F2A35(2=0FL)

RFTIRY

ZND

- JEF O LINS REFE 22 ANCES
1 15
AN iYPE _ RELOCATION -
2IAL REFS 13 NEFINCTD "9
RIAL FoeP, REFS 4 a2 PEFINEP 1
AL REFS 13 NEFINFD 10
EAL REFS iz NEF INED 11
REAL REFS 11 DEFINED 12
RIAL MALN REFS 2 _ 9
REAL BTN REFS ? 9 12
AEAL PEFINZD 14
It AL REFS 16 NEFINED 11
REAL MAIN REFS ? | 1
RIAL MAIN REFS 2 & ]
AEAL ARRAY  MAIN QEFS 2 2%y ) 7
e AL MATN REFS 2 L
y REAL MA TN PEFS 2 A
REAL MA TN REFS 2 4
REAL REFS 9 440 2%114 3%y
REAL PEFS s DEFINED b
. EAL MATN REFS 2 4
REAL REFS 2%30 11 ' 12 DEFTNE
9 AL REFS 2%10 11 12 DEFINE
iCAL o C MAIN REFS 2 A
TYyos ARGS REFERENCES
) REAL 1 LI3RARY 10 12
' REAL 1 LISRARY 2*11
- TIONS Tyaz A58 CFF LINS REFERENCES
1 2E AL 1 INTRIN ty
g i REAL 1 SF 1 X )
k
o ey I
g_ . 19 20



! l WNCIIAM IS Tw/Th  DPTz4 ROUNDE#=%/ FTN 4.6¢428 12705,
§ ‘ FUNCTEION IS(F)
?‘ ' " I® FINDS “HE SUASCRIPT OF [HE MINIMUM VALUE OF THE ARPRAY F
! CININSTON F(3)
t FMIN2F (1)
1° =1
DO 19 1=2,3
i IFLFCINLGELFMINY GO TO 10
""" FMIN=FUI) e .
- f Is=1
oy 12 CONTINUE
; RETYRN o
: END
‘
i _ e
OLIC REFERINCE MAP {R=z3) o Tt - C e
: rs OEF LINE  REFEPENCES L
1 12 o
o 3N Tyes 2FuNCATION
3 REAL ARAY FaoPa REFS T 5 3 ¢
; q REAL REFS 8 JEFINED 5 ¢
H INTEGER . __ _REFS 8 9 10 DEFINE
{ INTEGER UEFINED ) e -0 T
I
: - CEF LINE  REFERENCES
‘ 11 ? i
;
b L INDEX FROM=TO  LENGTH __ PROPERTIES
! I 7 11 4B INSTACK i
;
: SENGTH 268 22 TUTTTT T oTT
;i
:
£-2
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